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Fumitaka Ohashi Abstract
Abstract
Carbon nanotubes/amorphous carbon fibres were grown using a newly installed 
Thermal Chemieal Vapour Deposition (TCVD) system. A Focused Ion Beam 
microscope was used to fabricate carbon nanotube devices and to understand the I-V 
charaeteristics of the earbon nanotubes.
As a first step of the study, optimisation work was carried out to grow single 
wall earbon nanotubes and multi wall earbon nanotubes with narrow diameters, which 
can be used for electronie device applications. Carbon fibre growth was carried out 
using methane, hydrogen and helium. Nickel and molybdenum/iron films were used as 
a catalyst, and aluminium, silicon oxide and chromium were used as an interlayer. 
When growth was carried out with the nickel catalyst, the carbon fibres had an 
amorphous structure. Large eatalyst particles appeared at their tips whieh suggested that 
the tip growth and bulk diffusion are dominant in the growth meehanism. By changing 
the growth eonditions, vertically standing amorphous carbon fibres were obtained, with 
high yields. On the other hand, when molybdenum/iron eatalyst was used, earbon 
nanotubes were obtained. The crystallinity and the yield of carbon fibres varied when 
changing the hydrogen concentration at the initial period of growth regime. We revealed 
that hydrogen can contribute positively and negatively to the earbon nanotube growth 
depending on the eoneentration and the proeess temperature.
The TCVD grown nanotubes were used in prototype electronic devices to 
understand their I-V characteristics. The FIB technique enables the fabrication and 
testing of the devices with great flexibility. By depositing tungsten pads on carbon 
nanotubes, whieh are touching on an Au electrode, low contaet resistances were 
achieved. The I-V charaeteristics show diffusive conductance and high resistance. 
However, by shortening the gate length, the eurrent dramatically increased, with an 
increase of the exponent of the power law describing the conduction. The maximum 
conductance obtained in this study was 12 times larger than the quantum conductance. 
We eoncluded that localisation resulted in the power law I-V charaeteristics, and by 
shortening the gate length, the conduction was shifted from diffusive to weakly 
localised earrier transports with multi channels.
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Fumitaka Ohashi Carbon nanotubes amongst carbon materials
Chapter 1. Carbon nanotubes amongst carbon materials
Carbon, the sixth element, is spread in the universe abundantly as a basic 
material of stars. In our daily life, it is found as a crucial substance to form animal and 
plant bodies. Moreover, it exists as a fundamental component in fossil fuels such as 
petroleum and coals, which are necessary for our energy supply. The versatility of 
carbon originates from the three hybridisation forms that it bonds in, known as the sp% 
sp^ and sp^ hybrid orbitals depicted in Figure 1.1. Depending on the bonding, the 
crystalline structure of pure carbon materials can vary from quasi zero- to 
three-dimensional. Therefore, carbon appears not only as organic but also as inorganic 
materials like carbides. Images of several allotropie forms of carbon are shown in 
Figure 1.2
Legend
a bond
n bond
Figure 1.1: Schematic images o f  (a) s p \  (b) sp^ and  (c) sp^ hybrid  orbital. The sp ’ orbital has two a  
bonds and fou r n  bonds. The sp^ orbital has three g  bonds and two n  bonds. The p^ orbital has fo u r  a  
bonds.
Such carbon-related materials were/are sometimes unwanted in the 
semiconductor industry, which needs very precise control of purities to obtain reliability 
and stability in devices. However, at the same time, they were/are treated as promising
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materials with massive potential for applications such as amorphous carbon for coatings, 
organic materials for molecular devices and carbon fibres for composite materials.
(b)
w m m
1 * 1 1
3mm
Figure 1.2: The major allotropes o f  carbon: (a) Schematic im ages o f  diamond, graphite and fullerene  
from  left, respectively, (b) The firs t reported TEM im ages o f  m ulti-wall coaxial nanotubes with various 
inner and out diameter. Reproduced from  lijim a et al. [I ], (c) Transmission electron micrograph o f  a 
mixture o f  bundled single and multi w all carbon nanotubes prepared  in this study.
Among the allotropie forms of pure carbon, the carbon nanotube is a structure 
which has quasi one-dimensional features and has been studied extensively in recent 
decades. Carbon nanotubes were first identified as such in 1991 [1]. However, carbon 
nanofibres have been researched for many decades, with early studies concentrating on 
the poisoning of catalysts used in methane processing [2]. The interest in these materials 
has dramatically spread throughout the world since their identification in 1991. Many 
novel characteristics of carbon nanotubes, such as high thermal conductivity, high 
current density and high Young’s modulus have been revealed in these studies. The 
significance of the material is still increasing and extending into many other research 
areas even today.
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1.1 The beginning of carbon nanotubes
There were some earlier studies of carbon filaments by R.T.K. Baker and P. S. 
Harris in 1970s [2]. The fibres were synthesised by catalytic decomposition of 
hydrocarbon gas. The studies revealed an idea about the role of catalyst particles on the 
formation o f fibrous carbon structures. The existence o f carbon nanotubes was initially 
speculated by R.E. Smalley, D.R. Huffman and M.S. Dresselhaus in December 1990 as 
part of their study o f fullerenes and carbon fibres continued. This was subsequent to the 
discovery o f Côo in 1985 by Kroto, Smalley and Curl, for which they received the Nobel 
Prize in 1996 for chemistry. After the first identification of carbon nanotubes with 
Transmission Electron Microscopy (TEM) by lijima [1], the material aroused a great 
interest in the world due to its many unique properties [3-8]. Such characteristics of 
carbon nanotubes were then expected to apply into many areas such as possible 
replacements for silicon electronics which are considered to reach the physical 
limitation on scaling down in next decade. However, despite much researched and 
continued interests in the material, many problems were also found, mainly originating 
from the difficulties associated with control of the small size -  nano meter scale 
structures.
1.2 Developments of growth techniques of carbon nanotubes
Establishment of the precise growth mechanism and technique is a crucial 
matter to obtain controlled characteristics for applications such as electronic devices. 
The growth methods of carbon nanotubes can be roughly divided into three. The first 
one is the arc discharge process. This technique was used originally to produce 
fullerenes. The carbon nanotubes observed experimentally for the first time were 
prepared using this technique [1]. The second one is laser ablation, which creates 
relatively high quality carbon nanotubes compared to the other methods. However, due 
to the difficulty of mass production, the carbon nanotubes produced by the techniques of 
arc discharge and laser ablation have been usually employed only in the laboratories to 
study their physical characteristics [7], or for use as composite fillers as in a polymer 
matrix. The third one is chemical vapour deposition, a technique has been widely 
studied for the deposition o f many kinds of films, especially in the semiconductor 
industry. It was applied to the growth of carbon filaments and carbon fibres and to the
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growth o f carbon nanotubes later [9,10].
Before the discovery of carbon nanotubes, research on carbon filaments and 
fibres has evolved since the late 19* century, from the application to an electric light 
bulb to the use o f light-weight composite materials in the space and aircraft industry 
[10]. The fibres were usually prepared via thermal decomposition of hydrocarbons. The 
purpose of the synthesis was directed towards more crystalline filamentous carbon 
under more controlled conditions, towards higher Young’s modulus applications. The 
studies o f carbon fibres were spread over the world and resulted in commercialisation in 
the 1990s. The diameters of carbon fibres typically ranged from 10 nm to 100 pm. 
Among them, the thin carbon fibres, with less than 10 nm diameters, were occasionally 
observed. Such appearance o f the thin fibres led the theoretical studies about the 
limitations o f minimum diameters, and proved to be a bridge to experimental 
observations o f carbon nanotubes. The growth techniques and mechanisms o f carbon 
fibres were then applied to carbon nanotube growth, especially in the area of catalytic 
chemical vapour deposition (CCVD).
The major advantages of the CVD technique are the mass production of carbon 
nanotubes, the direct growth onto patterned substrates and the ease o f the scaling up of 
systems. In addition, the CVD technique had been well used in many industrial areas 
and can be easily modified for the growth o f carbon nanotubes. A lot o f groups 
considered the CVD technique as the most reliable and realistic route to manufacture 
carbon nanotube devices. Therefore, many have been involved in the study and 
development of this growth technique. To date, many successful results, like millimetre 
long carbon nanotubes and carbon nanotube transistors, came out as a result o f using 
these techniques [11,12]. From the viewpoint o f mass production, the floating catalyst 
technique enables continuous synthesis o f carbon nanotubes [13]. Furthermore, 
transistors prepared using carbon nanotubes directly grown onto pre-pattemed 
substrates using the CVD technique have also been reported [14]. Such approaches are 
known as bottom-up processes, which are considered as the next generation 
manufacturing process while the top-down processes are still mainstream in current 
semiconductor manufacture.
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1.3 Chemical vapour deposition techniques for carbon nanotube growth
The technique of chemical vapour deposition for carbon nanotube gro)vth can 
be roughly categorised further by the manner in which energy is supplied to the 
chemical reaction. They are named as the plasma enhanced- and thermal-CVD process. 
Each method has its own advantages and disadvantages. For example, thermal CVD 
enables the growth of relatively higher quality carbon nanotubes compared to those 
synthesised using plasma enhanced CVD. However, the high temperature which induces 
the breaking up o f the carbon source gas into carbon species causes severe damage and 
degradation to other materials, such as substrates and metals for the electrodes. On the 
other hand, the plasma can also damage the carbon nanotubes because of the high 
reactivity, but this technique enables the growth of the carbon nanotubes at relatively 
low temperatures compared to those of thermal CVD. Hongjie Dai and co-workers 
suggested using methane with a simple thermal CVD process to obtain high quality 
single wall carbon nanotubes [15-18]. In addition, many groups made efforts to grow 
carbon nanotube at lower temperatures using thermal CVD, which reached around 400 
°C [19, 20]. Among the research, the aims of the carbon nanotubes growth are/were 
mainly focused on to obtain better yield, and quality, precise chirality and orientation of 
the growth. Therefore, many introducing materials such as the carbon feedstock like 
methane, acetylene and ferrocene, diluted in gases such as hydrogen, helium, argon, 
ammonia and water are tested [11, 15-17, 19]. In addition, catalyst materials like iron, 
nickel, cobalt and molybdenum were also used and sometimes mixed. At the same time, 
the growth processes were also modified to optimise carbon nanotube growth. One 
more important fact on the carbon nanotube growth process is to avoid the deposition of 
unwanted materials, such as amorphous carbon, which causes undesired characteristics 
of devices.
As CVD growth was studied, the growth mechanism of carbon nanotubes was 
revealed and developed further. However, it still is not advanced enough to enable the 
control of material towards scale-up for commercialisation. The idea for the growth 
mechanism of CVD-grown carbon nanotubes originates from those o f carbon fibres. 
The first significant advance in the understanding o f the mechanism o f filamentary 
carbon growth came from a study by Baker and co-workers [2,10]. They indicated the 
formation o f the filament occurs by the build up o f carbon behind the metal catalyst
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particles and suggested both the tip and root growth mechanisms. According to their 
papers [10], the growth of carbon fibres occurs via the bulk diffusion o f carbon species 
through the catalyst, driven by thermal and concentration gradients. The ideas 
contributed to the development of the growth mechanism o f carbon nanotubes later. In 
more recent studies o f carbon nanotubes, the carbon diffusion is considered to occur by 
concentration gradients o f carbon species through the catalyst particles. Moreover, 
surface diffusion o f carbon species appear to be a more energetically favourable process 
to form graphite walls with tubular structures [21,22]. A lot of groups spent much time 
revealing the growth mechanism o f carbon nanotubes by varying the growth process 
[23,24], by changing the processing materials [25-27], and by employing new growth 
apparatus and novel analysis methods [28]. The efforts enabled the control o f carbon 
nanotube growth in many ways such as the yield [27], the growth direction [28], the 
growth position, and the diameter [29,30]. However, further efforts are still necessary to 
prepare devices which have consistent characteristics on the entire substrate. Such 
techniques are essential for commercialisation, especially in the case of devices 
prepared with nanotechnology or applications which work based on quantum effects. 
For nano-scale products in electronics, small differences in the materials result in 
dramatic changes o f the device characteristics. The quest of revealing the growth 
mechanism of carbon nanotubes will continue until we obtain a high quality single 
carbon nanotube at a precise position and with precise orientation and chirality. That 
means we have to find a way to control the materials on an atomic scale, over a very 
large area. At the same time, we also have to develop analytical techniques to 
characterise the materials on an atomic scale in order to produce large scale 
reproducible devices.
1.4 Overview of the applications of carbon nanotubes
As mentioned before, carbon nanotubes have many novel properties and 
therefore are expected to be used in many applications. Due to their strong mechanical 
properties, carbon nanotubes were considered as a replacement of carbon fibres. They 
are used to reinforce fillings in composites in the aircraft and space industries [8]. From 
the viewpoint of electronic characteristics, the properties of single walled carbon 
nanotubes vary depending on their chirality from metallic to semiconducting [7,8].
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Figure 1.3 shows the caleulated Density Of States (DOS) for single-wall earbon 
nanotubes with varied ehirality. The DOS around the Fermi level varies depending on 
the chirality (n,m), where n and m are integer numbers.
(a) (n,m)=(l0,0)
0.5
Û  0.0 0 0.0 1.0 2.0 3.0  4.0
Energy/Yo-4.0  3.0
(c)
(b) (n,m)=(9,0)
0.0
'- 4.0 -3.0  -2.0  - 1.0 0.0 1.0 2.0 3.0  4.0
Energy/Yo
Armchair Zigzag 
Nanotube Nanotube
n=m m=0
Chiral
Nanotube
Figure 1.3: The DOS fo r  (a) (10,0) sem iconducting carbon nanotube, (b) fo r  a  (9.0) m etallic carbon  
nanotube. Reproduced from  Saito et al. [3 1 ] and (c) schem atic images o f  chirality o f  carbon nanotubes. 
States exist in the figure (b) a t around the Fermi level, g iving a  metallic character to the nanotubes while 
a gap exists in the figure (a), leading to a  sem iconducting nanotube.
Using semiconducting carbon nanotubes, transistors are often prepared and 
studied as prototype electronie devices for applications [32,33]. In those studies, p or n 
channel transistors were successfully prepared by changing their measuring atmosphere 
or the surface chemistry of carbon nanotubes and by using different materials for the 
electrodes [34-36].
Single wall carbon nanotubes have high aspect ratios; they are typically 10 pm 
or more in length and only 1-2 nm in diameter. Multi wall carbon nanotubes can be a 
few micrometers in length and few nm to 1 GO nm in diameter. Such characteristics can 
be an advantage for field emission devices [7,8], enabling the production of next 
generation very thin displays, working at low power consumptions. In addition, as one
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of the successful commercial products, cantilever tips for atomic force microscopy are 
also prepared using multi wall carbon nanotubes [8]. They enable higher resolution 
imaging due to the high aspect ratio with very thin diameters. Moreover, due to the 
advantages o f the large surface area, carbon nanotubes are/were considered for 
hydrogen storage [37], gas sensors [37,38], and super-capacitors [8,39]. Furthermore, a 
significant feature is that single wall carbon nanotubes are expected to behave as quasi 
one-dimensional systems due to the small diameters and long lengths [6]. The strong 
confinement around the circumference o f single wall carbon nanotubes leads to a large 
spacing between one dimensional sub-bands (1 eV for a carbon nanotube o f 1 nm 
diameter, in contrast to 10 meV for typical semiconductor quantum wires), therefore, 
the one-dimensional nature is retained also at room temperature and well above. 
Compared with other semiconductor quantum wires [40,41], single wall carbon 
nanotubes are atomically uniform and well-defined. Furthermore, they have very long 
mean free paths for electron and hole transport, which can lead to fast switching speeds 
in transistor applications [32]. However, such advantages o f carbon nanotubes are 
hampered in their use in devices due to the poor understanding of growth mechanism 
but also the difficulty in manipulating the material. Many problems were found along 
with the studies about manufacturing o f carbon nanotube electronic devices. For 
example, for the homogeneous characteristics o f the devices, a strict control o f the 
numbers o f nanotubes and their orientations is necessary. In addition, especially for 
single wall carbon nanotubes, more accurate control of their electronic characteristics is 
crucial due to the drastic changes that occur based on the chirality, and the existence of 
defects [8]. Other methods, such as laser ablation enables the growth o f carbon 
nanotubes with relatively fewer defects and better control o f the diameters compared to 
those grown by CVD. However, such techniques still cause other problems when the 
carbon nanotubes are de-bundled, and dispersed. The obstacles mainly originate from 
the small size scale o f carbon nanotubes, which results in difficulties in analysing and 
controlling of their properties. In addition, single wall carbon nanotubes have a large 
surface area, which causes significantly strong adhesion through van der Waal’s force. 
To overcome these problems, continuous improvements o f the growth and the analytical 
techniques are key, and several breakthroughs for the establishment of devices are 
necessary.
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1.5 Summary and aim of this project
Since carbon nanotubes have such attractive and unique properties, many 
scientists have been involved to reveal their characteristics and to apply them to state of 
the art devices. However, very few applications have been commercialised. Most of the 
problems, especially on the nano-electronics devices or quantum devices, come mainly 
from the poor controllability on the nano and atomic level of carbon nanotubes. From 
the viewpoint o f the synthesis, even though the growth mechanism has been 
investigated by many scientists, it is still difficult to grow carbon nanotubes with good 
enough quality at a precise position and with given direction, with a specified chirality. 
In addition, even though high-quality single wall carbon nanotubes with precise 
diameters can be obtained with other techniques, such as arc discharge or laser ablation, 
followed by some purification technique, there are still problems when positioning them 
onto patterned substrates. Continuous efforts are still necessary to overcome these 
problems, especially on the growth at conditions compatible with current device 
fabrication techniques.
In the beginning of this study, a thermal chemical vapour deposition system 
was set up and work was carried out to optimise the growth of the carbon nanotubes and 
nanofibres. For the synthesis o f the carbon nanotubes/fibres, pure gases such as methane, 
hydrogen and helium were introduced into the furnace as primary source gas, reducing 
and dilution gas respectively. Several metals such as iron, nickel, molybdenum and 
aluminium were employed as catalyst layers or interlayers on the substrates. The 
thicknesses were modified to enable the growth of carbon nanotubes. For optimisation 
o f the growth process, gas flows, growth temperatures, growth pressure and 
gas-introducing procedure were modified for the better yields, crystallinity o f carbon 
nanotubes/fibres. The growth techniques were then applied to the fabrication o f carbon 
nanotube/fibre devices. For the fabrication o f carbon nanotube devices, conventional 
photolithography, e-beam lithography, sputtering deposition, and the techniques of 
nano-manipulation and milling using a focused ion beam were employed. They enable 
precise control of device structures which are used for the characterisation of carbon 
nanotubes grown with thermal CVD.
A broad aim o f this project is developments o f quantum carbon nanotube
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devices which are fabricated by Thermal Chemical Vapour Deposition (TCVD). To 
realise such devices, this study was roughly divided into two steps. First step was 
growth optimisations. A new TCVD system was set up and therefore, the understanding 
of growth mechanism were firstly focused from viewpoints of gas and catalyst 
chemistry for precise controls o f carbon nanotube characteristics such as crystallinity 
and growth yields. The roles of hydrogen on the carbon nanotube growth were mainly 
discussed by modifying the growth process. As a second step, electrical 
characterisations o f the carbon nanotubes and devices modifications were carried out to 
reveal the electrical conduction mechanisms o f carbon nanotubes and to develop the 
fabrication techniques o f quantum devices. Firstly, the device fabrication techniques 
were established to obtain stable observations of I-V characteristics o f carbon nanotube 
devices. Then the conduction mechanisms were discussed from viewpoints o f classic 
and quantum carrier transports. Finally, device structures were modified to explore the 
possibility o f the new devices such as gas sensors and coulomb blockade devices. 
Focused Ion beam (FIB) was used for the preparation o f the device structure and for the 
analysis o f their characteristics.
In this thesis, the properties and the applications of carbon nanotubes are 
discussed in Chapter 2, and the analytical techniques follow in Chapter 3. The growth 
technique on chemical vapour deposition is presented in Chapter 4. Then the growth of 
carbon nanotubes and nanofibres is described in Chapter 5. Fabrication techniques of 
devices and their characteristics are shown in Chapter 6. Finally, a summary o f this 
study and future work follows.
10
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Chapter 2 Properties and electronic device applications of CNTs
For the synthesis and fabrication of devices, a good understanding o f the physical 
properties and the growth mechanisms o f carbon nanotubes is important. Carbon 
nanotubes are classified according to the number o f walls they contain like single-, 
double, and multi-walled carbon nanotubes. Among them, single wall carbon nanotubes 
(SWNTs) have the simplest structures (i.e. a sheet o f graphene rolled-up) and a number 
of unique properties such as the variation o f electronic structure depending on chirality 
and its one-dimensional structure, which leads to ideal quantum effect devices. In this 
chapter, the physical characteristics, especially o f the single wall carbon nanotubes, are 
explained in chapter 2.1. Then, examples o f electronic applications of carbon nanotubes 
which are expected for next generation’s electronic devices are described in chapter 2.2.
2.1 Properties of carbon nanotubes
A Single Wall carbon Nanotube (SWNT) is a nano sized cylinder. The wall of the 
SWNT is a rolled-up graphene sheet, whose ends are normally terminated by 
“hemispheres” of fullerenes. Most o f the observed SWNTs have diameters less than 2 
nm, and are more than 1 pm in length. The structure o f SWNT is classified into three 
types, called armchair, zigzag and chiral, as shown in Figure 2.1, depending on their 
chirality, which is the orientation o f the hexagon rings in the honeycomb lattice (relative 
to the tube’s axis). The electronic properties of SWNTs are determined by the chirality 
and can vary from metallic to semiconducting [1].
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Figure 2.J: Examples o f  single w a ll carbon nanotubes with the variations o f  chirality, (a) arm-chair, 
(b) zigzag  and (c) chiral nanotubes. Reproducedfrom  Saito et al. [1].
Figure 2.2 shows a graphitic honeycomb lattice which represents the image of a 
wall of a SWNT unrolled. The structure of a SWNT is specified by the chiral vector C/„ 
which represents the direction of the six membered rings. The graphene sheet forms a 
cylinder structure like a SWNT when we connect crystallographically equivalent sites 
like point O and B coincide with point A and B ’, respectively. Then the directions OA 
and OB in Figure 2.2 indicate the circumference of the nanotube and the nanotube axis, 
respectively. The vector OA defines the chiral vector C/„ which can be expressed by the 
real space unit vectors and az shown in equation (2.1).
= nUj + ma 2  = («, m), (n, m are integers, 0< \m \< n )  (2.1)
If the integer n is equal to the integer m, the nanotube has an armchair-type structure, 
and if the integer m is zero, the nanotube has a zigzag type structure. The diameter dt of 
SWNT can be obtained from the chiral vector (2.1),
= l^/i 1/^ = V^/i nm | / ; r . (2.2)
where |C;J is the circumferential length of the SWNT, and, a is the lattice constant of 
the honeycomb lattice which is given in equation (2.3).
a J ' a J —  a 2 ' a 2 —  a  ,  a j ‘ a 2 —  ■
a
(2.3)
The chiral angle 9  defined by the angle between the chiral vector C/, and the real space 
unit vector aj can be calculated according to equation (2.4).
2n-\-m
cos9 = ^
2yJ vd + m^ +
(2.4)
nm
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In particular, zigzag and armchair nanotubes correspond to 6 = 0°  and 6 = 30°  
respectively, while chiral nanotubes correspond to 0<30°.
Figure 2.2: The honeycomb lattice o f  a graphene sheet with a  chiral vector Q,. When the sites O and  
A, and B and B ' are connected, the graphene sheet becomes a  carbon nanotube. The chiral vector Ch is 
defined by OA. The 0  expresses the chiral angle. The figure corresponds to Ci,=^(4,2), diam eter d, = 
0 .75nm. Reproducedfrom  Saito et al. [1].
2.1.1 Band structures
The main difference in the electronic state between graphene and carbon 
nanotubes originates from their periodic boundary conditions [1-3]. When a graphene 
sheet is regarded as an infinitely extended system, an artificial periodic boundary 
condition is spread into a macroscopic scale. Then established ti* bands and tt bands 
degenerate at K points of the Brillouin zone through which the Fermi energy passes. 
Further theoretical calculations show that the density of states at the Fermi level is zero 
[4]. It means a graphene sheet is a zero gap semiconductor. For a carbon nanotube, the 
boundary conditions in the direction of the tube axis are the same as for graphene. 
However, around the circumference, the periodic boundary conditions impose a discrete 
wave vector, resulting in an increase in the degeneration of the wavefunction.
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Figure 2.3: Schematic images o f  (a) Energy band structure fo r  graphene in a  single layer model, 
Reproduced from  Painter et a l.[5 ] and  (b) Top-down view o f  the energy dispersion o f  a  graphene sheet, 
(c) ~  (e) The fir s t Brillouin zone o f  a  graphene sheet expressed in reciprocal space with som e electronic 
state shown in vertical para lle l lines. Each image represents (c) arm chair metallic, (d) zigzag  
sem iconducting and (e) some other m etallic carbon nanotubes. The blue dots in the figure (a) show the 
points o f  where band gap vanished in the graphene. The blue dot in the figure (c) and (e) shows the poin ts  
where the electronic states o f  carbon nanotubes cross the zero band gap poin ts o f  the f ir s t Brillouin zone 
o f  the graphene sheet.
Figure 2.3 shows schematic images of the energy band structure for graphene in a 
single layer model and the relationship o f the electronie properties o f the carbon 
nanotubes between the structure and the ehirality. Figure 2.3 (b) is a top-down image of 
first Brillouin zone with corresponding point K, M, F and K’ with the Figure 2.3 (a). 
The band gap vanishes at K and K ’ points. The vertical and parallel lines in Figure 2.3 
(c) ~ (e) express the electronic states o f the infinitely long nanotubes in the k space. It is 
continuous along the tube axis, however, quantized along the circumference due to the 
periodic boundary condition of carbon nanotubes. The hexagons also depict the first 
Brillouin zone of a graphene sheet as same as Figure 2.3 (a). In Figure 2.3 (c) and (e).
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the electronic states pass through a K (K’) point o f the first Brillouin zone, the n and n 
energy bands of 2D graphite are degenerate. In this instance, the carbon nanotubes have 
a zero band gap, which means that the carbon nanotubes are metallic. In Figure 2.3 (d), 
the electronic states o f the carbon nanotube miss the K (K’) point o f the first Brillouin 
zone, that results in a non-zero band gap, and therefore, a semiconducting carbon 
nanotube. According to theoretical studies of band structures, one third o f single wall 
carbon nanotubes have metallic characteristics, whilst the two third o f them have 
semiconducting characteristics [1-3]. Furthermore, once the nanotube has a 
semiconducting characteristic, the energy gap Eg depends upon the reciprocal nanotube 
diameter dp.
(2.5)
Clj
where ac-c ~ 0.144 nm is the lattice constant and |t| = 2.5 eV is the nearest-neighbour 
C-C tight-binding overlap energy [1]. It has been calculated that the band gap exceeds 
thermal energy at room temperature (0.0259 eV at 300 K [6]) for nanotube diameters dt 
< 14.0 nm. In addition, theoretical studies and experimental measurements by Scanning 
Tunnelling Spectroscopy (STS) confirmed that the density o f states of carbon nanotubes 
at the Fermi level is non-zero for metallic structures and zero for semiconducting 
structures [4]. Peaks are observed in the measurement o f the density o f states o f carbon 
nanotubes because o f the diverged shape, called ID van Hove singularities in Figure 1.3 
(a) and (b). It enables the measurements of Raman spectroscopy using one single walled 
carbon nanotube. The Raman intensity becomes extremely strong when the laser energy 
of either the incident or the scattered light has the same energy as a van Hove 
singularity’s energy in joint DOS [7,8].
2.1.2 Electrical and thermal properties
From the viewpoint o f electronic devices, carbon nanotubes have several 
desirable characteristics in terms of carrier density and the mean free path for carrier 
transport. In addition, due to their small diameters, carbon nanotubes are considered as 
the next generation replacement for silicon in the devices which are currently reaching 
the physical limitations of the scaling down.
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As an interconnect material in electronic devices, the maximum current density 
and the thermal conductivity are key parameters because of the higher values of these 
characteristics enable easier scaling down in Large Scale Integrated circuits (LSI). As 
the device features scale down further, with lower costs and higher performances, the 
sectional areas o f the electric wires in the circuits also have to be smaller. However, 
such small areas may cause failing in the connections because of electromigration. A 
further complication is that the LSI work at higher powers and frequencies, resulting in 
enhanced power dissipation from the devices, which speed up diffusion and migration 
o f carriers. Therefore, higher thermal conductivities are typically favoured in the 
semiconducting industry for better heat release via the materials to the substrates. In the 
current LSI devices, copper has replaced aluminium as the interconnect material of 
choice due to its ability to carry higher current densities and the higher thermal 
conductivity. The maximum current density and thermal conductivity o f the carbon 
nanotubes was measured to be 1000 times larger (-10* A/cm^) and 3 to 7 times larger 
(1400 ~ 300 W/m) compared to those o f copper, respectively [6, 9]. Therefore, carbon 
nanotubes are suitable for use as future interconnection wires o f LSI chips, provided 
one can grow them using a process compatible with the semiconductor industry [9].
2.1.3 Quantum conduction in carbon nanotubes
Mesoscopic systems such as carbon nanotubes are of a small enough size so that 
the interference of electron wave function can be observed [1,10]. There are three kinds 
of characteristic lengths that have to be considered: the momentum relaxation length (or 
simply mean free path): Lm, the Fermi wave length: Xp and the phase-relaxation length: 
Lç. The mean free path is the average distance between points where the scattering of 
electrons travelling in materials occur. The Fermi length Àp is defined as Àp = 2nlkp  
and is the de Broglie wavelength (Àp = h lm v)  for electrons at the Fermi energy. The 
phase-relaxation length Lç is the length over which an electron holds its coherence as a 
wave.
Electronic transport o f carbon nanotubes is sensitive to inelastic effects 
associated by electron-phonon scattering or weak electron-electron collisions. 
Concerning electron-phonon scattering, three important phonon modes contribute to
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backscattering are shown in Figure 2.4. When a low energy bias is applied to the system, 
acoustic phonon mode dominates the backscattering. The scattering associated by the 
acoustic phonon is often induced by an impurity in carbon nanotubes. During the 
scattering process with acoustic phonons the energy of the carriers effectively remains 
the same but the direction of the momentum is reversed. Scattering with optical or 
zone boundary phones changes both the energy and momentum of the electrons. These 
scatterings often appeared as the saturation of an electric current in carbon nanotubes at 
high bias [12].
Acoustic phonon
---------- 0  I.
/
\
Zone-boundary phonon
Optical phonon
Figure 2.4: Schematic representations o f  main phonon contributions to backscattering (acoustic, 
optical and zone-boundary modes) reproducedfrom  Loiseau at al. [11].
Ballistic conduction is defined when an electron conducts without any phase and 
momentum relaxation > Lç> L, L: system length). When ballistic conduction is 
observed, the conductance: Gc of the system is quantised as a multiple of the value of 
the quantum conductance: G q  = 2 e ^  j h  = 77.4809/zS, where h  is Planck’s constant and 
e is an electron charge. Total conductance is described as = MGq where M  
expresses the number of conduction channels in the system. Theoretical and
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experimental estimations of the scattering length measured at low electric bias are 
ranged 1 - 1 0  pm with single wall carbon nanotubes [12-16]. However, in the case of 
high electric bias, the length scales o f the electron-phonon scattering are shortened in 
the order of 180 nm due to dominations of optical phonons [12]. In addition, such 
inelastic mean free path are expected to increase with a diameter o f the carbon 
nanotubes [13,17]. Furthermore, Latil et al. showed that the mean free path can be tuned 
by impurity of carbon nanotubes [17]. The mean free path decreased as the ratio of the 
dopant increased. The quasi-ballistic/ballistic transports were also observed with multi 
wall carbon nanotubes with low electric bias [18-20]. Poncharal et al. reported quantised 
conductance with a variation of the system length as shown in Figure 2.5. They 
estimated the mean free path of the multi wall carbon nanotubes is in the range o f > 200 
nm. Li et al showed the 460G o conductance by measuring multi wall carbon nanotubes 
grown directly on a tungsten electrode by CVD method [20]. They concluded a 
multichannel conductance occurred via both outer and inner shells of the carbon 
nanotubes.
0.0 0.5 1.0 1 5  2 0
depih (pm)
;  ogi.   ■ , ^ ^
Û DC 0 5  1 0  1 5  2 0 
depth (pm)
2h
o 0;
r
0 0.5 10 1,5 2.0
depth (pm)
Figure 2.5: evolutions o f  conductance characteristics with cleaning o f  carbon nanotubes by dipping  
in H g electrode and the measurement system, reproduced from  Poncharal e t a. [1 8 ] (a) - (c) conductance 
changes as the cleaning process repeated, measurement system with carbon nanotubes (d) before and  (e) 
after the cleaning process
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In a macroscopic metal (Z »  Z^ »  Z^), classic transport dominates the 
electronic conduction and electron wavefuction cannot be described by a single phase. 
In that regime, the resistance can be estimated with the additive calculations and 
therefore, total resistance is given by Ohm’s law in which the macro-resistance is 
proportional to system length Z. The conduction mechanism is called diffusive. The 
diffusive conduction often appeared in the disordered carbon nanotubes. However, when 
the phase relaxation length is much longer than the mean free path in diffusive motion 
{Lm «  L (p «  Z), phase shift at each scattering event have to be considered. In this case. 
Ohm’s law is not expected to be valid and the electron states are known to be localised. 
The resistance associated with the localisation is expressed as a function of system 
length Z by,
00 , ( i  - > oo) (2.6)
The equation (2.6) suggests the resistance becomes very large in the limit o f large Z so 
that the material becomes an insulator. This means that the wave function near the 
Fermi energy becomes localised so that the transmission probability from one electrode 
to the other is almost zero. This is known as the localisation phenomenon. Localisation 
can occur even when the number o f channels M  is large. In the case o f large M, we can 
redefine the localisation length Lc by
Lc = ML^ . (2.7)
Depending on the relation o f the system length: Z, localisation length: Zc, and phase 
relaxation length: Z ^ the localisation effect is categorised as strong (Z^ »  Zc) and weak 
(Lç < Zc). In the strongly localised regime, the conductance arises from the thermal 
hopping from one localised site to another. On the other hand, in the weakly localised 
regime, then Z is equation (2.6) should be terminated at Z = Lç. For both strong and 
weak localisation, the phase relaxation length Lç is required to be much larger than 
mean free path Lm. Schonenberger et al. estimated the Lç and Lm as a range of 200 - 230 
nm and 90 -  180 nm using single multi wall carbon nanotube at low temperature, 
respectively [21]. The Lç and Lm decreased to about 60 nm and the order of 
circumferences of carbon nanotubes as the measurement temperature increased, 
respectively, and the changes resulted in the quasi ballistic to weak localisation of
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electron states in carbon nanotubes. Jang et al. measured 1-V characteristics of thermal 
CVD grown multi wall carbon nanotubes with varied temperature [22]. They used 2 D 
localisation theory for the discussions due to the temperature dependences of the 
peculiar 1-V characteristics and estimated the localisation length to be 304 nm for the 
diameter of the nanotube is about 90 nm.
Table 2.1 shows a summary o f the conditions pertinent to the various transport 
regimes by listing the appropriate relations between the characteristic length and the 
coherence length o f an electron. One o f the outstanding features o f carbon nanotubes is 
their long mean free path. By preparing transistors with channel lengths below the mean 
free path ballistic conductance can be expected. Such characteristics enable fabrication 
of ultra high speed switching devices which work at THz frequency [23,24].
Regime Relationship Coherence length
Classical L 0  ^  Lfn L ~ Lm
Localised Lm Lç'^'^ L Many Lm s
weak Lç
strong L 0  > Lc Lc
Ballistic Lm ^  Lqy^ L L
2.1.4 Mechanical properties
Carbon atoms in a graphene sheet are connected with the strongest chemical 
bonds called sp^ hybrids. As mentioned before, a carbon nanotube is essentially made of 
graphene sheets rolled up into cylinders, therefore, they can be expected to have (along 
the axis) high strength. Young’s Modulus o f carbon nanotubes is experimentally 
estimated ~1 TPa which is 1000 times higher than that o f iron [25]. The atomic density 
of carbon nanotubes is 10 times smaller than that o f iron. For those reasons, if  we 
compare the same quantity of these materials, then the carbon nanotubes are considered 
as a material which has 100 times the strength. Furthermore, in the absence o f an 
oxygen atmosphere, the mechanical strength of carbon nanotubes will be stable up to 
1200°C, which is far better compared to those of iron [1]. From a viewpoint of 
applications with such mechanical properties, carbon nanotubes are studied as a
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composite for reinforeing and have led variety eommercial applieations [26,27].
2.2 Carbon nanotube devices in electronics
From a viewpoint o f the electronic devices, the carbon nanotubes are intensively 
studied for field emission, because of the high aspect ratio of vertically aligned carbon 
nanotubes, whieh ean be grown on silicon wafers relatively easily. Other electronic 
devices, sueh as transistors, are still far from commereial due to difficulties associated 
with horizontal growth with suitable controls of orientations, ehirality and diameters of 
carbon nanotubes on mass production.
CNT Seat L
CNT 
Cantilever
CNT beam
CNT 3D 
wiringCNT 3D 
Cantilever
Source
C antilever
Drain
Figure 2.6: H orizontally aligned carbon nanotubes and integrated carbon nanotiibe transistors [28]. 
(a) The horizontally aligned nanotubes shown in the figure were obtained by laying down vertically  
aligned grown carbon nanotubes via a  chemical process, (b) in tegrated carbon nanotube transistor 
prepared  by using the horizontally a ligned carbon nanotubes. The transistors are sw itched on/off by 
applying electric f ie ld  to cantilevers structured with carbon nanotubes on source electrodes. The images 
are reproducedfrom : http://www.aist.go.jp/aistj/press_release/pr2008/pr20080505/pr20080505.h tm l.
Figure 2.6 shows integrated carbon nanotube transistors reeently reported by Hayamizu 
et al. [28]. They succeeded in structuring horizontally aligned earbon nanotubes and 3D 
eantilever transistors on a large seale. However, eompared to the silieon devices whieh 
are currently used in the electronics, the deviee size is too large ( - 2  pm) and the 
teehniques are still unsuitable as replacements silicon due to the poor controllability in 
the diameters, the orientations and reproducibility of single carbon nanotubes. Further 
efforts are necessary to realise nano scale devices and quantum devices on large areas.
In this chapter, carbon nanotube field effect transistors (CNT-FET) are firstly 
explained as a basic device in the next section. Then, the origins of negative differential
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conductance will be explained and single electron transistors will be detailed as 
examples of novel devices.
2.2.1 Carbon nanotube transistors
The metal-oxide-semieonductor field-effect transistor (MOSFET) has developed 
quiekly since its first demonstration in 1960, and has been sealed down continuously 
according to Moore’s Law [29,30]. Typical MOSFETs, normally composed of 
silieon-based materials, have been steadily moving towards the nano-seale, predicted to 
reach the physical limit to the order of a few silicon atoms. To overcome this limitation, 
earbon nanotube field effeet transistor are studied for continuous development of the 
semiconductor market. This could allow for extremely high speed nano-deviees [31-34].
2.2.1.1 Structure of Carbon nanotube transistors
Carbon nanotubeDrain Source
810
p+-Si
Gate
Figure 2.1: Cross sectional image o f  typical carbon nanotube MOSFET.
Figure 2.7 shows the cross sectional diagram of typical back gate CNT-FET. The 
heavily doped silicon wafer must be used as a substrate to avoid the formation o f a 
depletion area which causes a gate voltage drop between gate electrode and earbon 
nanotubes [2]. Silicon oxide layers are structured on the surface of silieon wafers by 
using dry or wet oxidation teehnique with annealing at 600 -  1200°C. Souree and drain 
eleetrodes are patterned by a sequence of conventional photolithography, metal 
deposition and lift-off processes. Then a solution whieh includes semieondueting earbon
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nanotubes is dispersed on the substrate.
This preparation method enables easy fabrications o f CNT-FET. However, in the 
viewpoint of fabrication on large scales, there are many problems such as control of the 
position and orientation o f the carbon nanotubes. To make an integrated circuit, a gate 
bias must be applied individually on each FET by using individual gate electrodes. Such 
electrodes are typically obtained by using a conventional photolithography technique. In 
addition, the electric properties of carbon nanotubes can be metallic and semiconducting. 
Therefore, it means that it is difficult to obtain transistors with homogenous 
characteristics on large scales.
One possible way to overcome the positioning o f carbon nanotubes is direct 
growth on the substrates. The catalyst materials on the substrates are patterned on the 
silicon oxide layer, and then chemical vapour deposition is used for the growth of 
carbon nanotubes [35]. Recently, dielectrophoresis using alternative current has been 
proposed to control the alignment of carbon nanotubes [36]. Nevertheless, further 
efforts are necessary to control the diameter and the chirality o f carbon nanotubes for 
the stable operation of transistors.
Another problem for the carbon nanotube transistors is the high contact 
resistance typically formed between carbon nanotubes and source- and drain-electrodes 
[2]. This high contact resistance can dominate the solid state properties o f the devices 
and results in poor characteristics. These high contact resistances can be reduced by 
changing contact electrodes or device struetures. When titanium or nickel was used as a 
part of the electrode materials or top-electrodes structures were employed, the 
resistances were decreased to ~10 kQ/p,m range. Such reductions were induced by 
re-hybridisation o f the sp^ orbital o f carbon nanotubes with the d-orbitals o f transition 
metals [2,37] or by increases in the contact areas between carbon nanotubes and the 
electrode materials [35,38,39].
2.2.1.2 The Characteristics of carbon nanotube transistors
Typical carbon nanotube field effect transistors measured in atmosphere show 
unipolar p-type I-V characteristics, where the holes dominate the carrier transfer, and 
the drain-source current increases while the negative gate voltage is increased [2,40].
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However, some groups reported not only the p-channel but also the n-channel MOSFET 
characteristics by measuring the carbon nanotube MOSFET in vacuum, after 
deoxidising the carbon nanotubes through annealing [40,41]. The current of a typical 
n-channel silicon based MOSFET, that flows from the source to drain, is the 
reverse-leakage current [2,6]. When a sufficiently large positive bias is applied to the 
gate, the MOS structure is inverted, so that a surface inversion layer (or channel) is 
formed between two n^-regions which are located under the source- and 
drain-electrodes. Then the source and drain are connected by a conducting surface 
n-channel, through which a large current can flow. The conductance o f this channel can 
be controlled by changing the applied gate voltage. The inversion type MOSFET has the 
“normally-off ’ I-V characteristics and the carriers are dominated by unipolarity, just 
like electrons or holes. Therefore, by applying these typical MOSFET fundamental 
theories, it is difficult to explain the existence o f the p-channel and n-channel in the 
same carbon nanotube field effect transistor.
In order to explain the bipolar I-V characteristics o f carbon nanotubes devices, 
another model, the Schottky barrier-controlling model, is applied (figure 2.6) [2,42,43]. 
Figure 2.6 (a) shows a band diagram with no voltage applied at the gate, source, and 
drain. Ogn is the height o f Schottky barrier for the electrons, given by the difference 
between the lowest energy o f conduction band o f the carbon nanotube and the Fermi 
level Ef of the electrode metal. The Ogp is the height of the Schottky barriers for the 
holes originated from the energy difference between the highest energy of valence band 
of the carbon nanotube and Fermi level Ep o f the electrode metal. By changing the gate 
voltage, while the voltage is applied between the source and the drain electrodes, the 
band structure of the FET is varied, as shown in figures 2.6 (b) ~ (d). The conduction 
mechanism of the FET is explained as follows.
• When V d s  > 0 and V g  < 0 (figure 2 .6  (b)), the gate bias pushes the band 
structure o f the carbon nanotube upwards. A thin Schottky barrier is 
created at the contact between the carbon nanotube and the source 
electrode by the negative gate bias. Holes tunnel through the Schottky 
barrier by the drain bias. The electrons are blocked by the thick barrier at 
the contact between carbon nanotube and drain electrodes. These
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characteristics are referred as p-channel conduction.
When Vds > 0 and Vq = 0 (figure 2.6 (c)), Schottky barriers are formed 
at the both contacts between the carbon nanotube and the source and the 
drain electrodes, respectively, are not thin enough to the carriers to 
transmit through. Both holes and electrons are not conducting into the 
carbon nanotubes. These characteristics are referred to as off-states.
When Y ds > 0 and V g > 0 (figure 2 .6  (d)), the gate bias pushes the band 
structure of the carbon nanotube downwards. A thin Schottky barrier is 
created at the contact between the carbon nanotube and the drain 
electrodes. Electrons are tunnel through the Schottky barrier, under the 
drain bias, while the holes are blocked by the thick barrier at the eontact 
between carbon nanotube and the source electrodes. These characteristics 
are referred as n-channel conduction.
(b)
Source
Drain
Drain
EV
Vns =Vg = 0 (V)
V D s > 0 ( V )
: Schottky barrier Vq < 0 (V)
(d)
Drain
Schottky barrier
Source Drain
Electrons Mr
Figure 2.8: Schematic band diagram o f  Schottky barrier MOSFET. (a) no bias are app lied  on the 
MOSFET, (b) p-channel, the top o f  valence band is upper o f  the Fermi level o f  source metal, (c) off-state, 
(d) n-channel, the bottom o f  conduction band is below o f  the Fermi level o f  drain metal.
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The I-V characteristics of the Schottky barricr-bascd CNT-FET arc similar to 
those of a regular MOSFET. Figure 2.9 shows typical output characteristics of a 
Schottky barrier FET. In the case of p-typc CNT-FET behaviour, the gate bias affects 
strongly the contact barrier on the source side when a weak drain bias Y ds w a s applied. 
This results in the linear increase of the drain current with increasing of drain bias as 
shown as region i of Figure 2.9. As the drain bias increases, the band structure near the 
drain side contact becomes flat because the drain voltage approaches the gate voltage. 
The I d - V d s  characteristics changes to non-linear as shown in the region ii o f Figure 2.9. 
Further increase of the drain bias results in the saturation o f the current because of 
vanishing of the drain barrier, as shown in region in o f Figure 2.9. In this region, the 
gate bias decreases the thickness of the source side contact barrier, which causes the 
increase of the saturated current.
Drain
N
S o u rce
Figure 2.9: (L) Qualitative band diagram describing the operation a Schottky barrier nanotube 
field-effect transistor in the on state. (R) Output characteristics for two arbitrary gate bias adapted from 
[44]. Region i expresses a linear region with drain bias. Region ii expresses a non-linear region because 
the saturation on the drain side approaches the flat band. Region Hi expresses a saturated region due to a 
vanishing o f a barrier at the drain contact
2.2.2 Quantum effect devices
The diameter of typical single wall carbon nanotubes is about l~2nm. This small 
dimension gives rise to quantum effects such as Coulomb blockade at room temperature. 
A quantum effect device uses quantum mechanical tunnelling effects which work to 
control the injections of single electrons on the devices. Quantum effect devices are 
often considered as next generation’s applications because they can work as novel 
functional devices and can improve the performance and reduce greatly the number of 
components.
28
Fiimitaka Ohashi Properties and electronic device applications o f CNTs
2.2.2.1 Resonant tunnelling diodes
Eg2
EviE vi
L b Lw L b
F igure 2 .10: Schem atic ba n d  diagram  o f  a  resonant tunneling diode. A sem iconductor, o f  energy  
ga p  a n d  thickness Eg] a n d  Lw, respectively, is sandn’ich ed  by  a  m ateria l o f  w hich  energy g a p  an d  
thickness Eg2 (>Egi) a n d  Lb, respectively. When Lg a n d  Lw are thin enough a n d  the energy  
differences in the conduction  ban d  o r  the va lence ban d  are large enough (ex Eq), quantum tunneling  
occurs [6 ].
Figure 2.10 shows the schematic band structure o f resonant tunnelling diodes. 
It has a quantum well in the conduction band with a double-barrier structure and four 
hetero-junctions. There are three important device parameters for a resonant tunnelling 
diode: the energy barrier height E q , which is the conduction band discontinuity, the 
energy barrier thickness Lb, and the quantum well thickness Lw. If the quantum well 
thickness is sufficiently small, 10 nm or less, discrete energy levels, such as L i ,  L ] ,  L3, 
and L4 in Figure 2.11, can exist inside the well. If the barrier thickness Lb is also very 
small, electrons can tunnel through the barrier. If the energy L  of an incident electron 
exactly equals one of the discrete energy levels inside the well, the electrons will tunnel 
through the double barrier with a unity ( 100%) transmission coefficient; this is called 
resonant tunnelling [45-46].
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F igure 2.11: (a) Schem atic conduction  ban d  im age o f  a  quantum  well, a n d  (b) transm ission  
coefficient versus elec tron  energy f o r  the structure, reprodu ced  fro m  Sze [6 ], D iscreet energy leve ls  
are fo r m e d  by the quantum w e ll a n d  transm ission  coefficien t f o r  the elec trons d iverse  a t the energy  
leve ls
The measured cuiTent-voltage characteristic of the resonant tunnelling diode and the 
band diagrams for various do biases are shown in the Figure 2.12. At thermal 
equilibrium, V=0, the energy diagram is similar to that of Figure 2.12 (a). With 
increasing applied voltage, the electrons in the occupied energy states near the Fermi 
level on the left side of the first barrier tunnel into the unoccupied states in the quantum 
well. Afterward, the electrons go through the second barrier into the unoccupied energy 
states on the right side. Resonance occurs when the energy of the injected electrons 
becomes close to the energy level Ei, where the transmission coefficient is maximum. 
This is represented in Figure 2.12 (b), with the energy diagram for V=Vi=Vp, where the 
conduction band edge on the left side lines up with Ei. When the voltage is further 
increased, V=V2, the conduction band edge is above Ei and the number of electrons that 
can tunnel through the barrier will decrease, explain the decrease in I between Vp and 
Vi in Figure 2.12 (c).
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F igure 2.12: (a)-(c) Schem atic an d  d iagram s o f  typ ica l resonan t tunnelling d iode, a n d  (d) its I-V  
characteristics. Transm itting electrons through the quantum  w e ll decrease  w hen d iscree t energy  
leve l are m o ved  aw a y  fro m  the F erm i leve l o f  e lec trode  m etals a s d ep ic ted  as the region  o f  Vp <  V j<  
K..
The 1-V characteristic of resonant tunnelling diodes has a region of negative 
differential conductance, from Vp to Vv in Figure 2.12 (d), and can work at very high 
frequencies because of their smaller parasitics. In the resonant tunnelling diode, the 
parasitic capacitances mainly contribute to the depletion region. Hence, the doping 
density there ean be much lower than in a degenerate p-n junction of an Esaki diode. 
The depletion capacitance is much smaller. The cut-off frequency for a resonant 
tunnelling diode can reach the THz range [6 ]. It can be used in ultra fast pulse-forming 
which is desirable for circuits.
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2.2.2.2 Single electron devices
Single wall carbon nanotubes are attractive for future high performance 
electronics, such as field effect transistors and ultra fast switching device, owing to their 
one-dimensional electronic structure and ballistic transport, with relatively long mean 
free paths [32-34]. Furthermore, because of their small diameters, single wall carbon 
nanotubes are ideal for single electron tunnelling measurements [2,47-50].
Schematic characteristics of typical single electron tunnelling phenomena, such 
as Coulomb blockade. Coulomb staircase. Coulomb oscillation, and Coulomb diamond 
are summarized in Figure 2.13. The significant difference between normal tunnelling 
phenomena and single electron tunnelling phenomena is the charging effect on the 
tunnelling barrier, while the one electron goes through. The charging effect energy Ec is 
expressed with Ec = where e is an elementary electric charge of one electron, and 
C is the electrostatic capacitance of the tunnelling barrier. However, for the observations 
of charging effects, the thermal energy kT, where k is Boltzmann constant and T is 
absolute temperature, should be much smaller than the charging energy Ec (k T « E c). 
Therefore, the measurements o f the single electron tunnelling normally should be done 
at low temperatures (T ^O  K.) However, single wall carbon nanotubes can be expected 
to be used for the observation o f the single electron tunnelling at room temperature, as 
their small cross-sectional area that results in quite small capacitances on the tunnelling 
barrier.
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Current
V =-e/2C
Voltage
V=e/2C <L>
(a) Schem atic 1-V ch aracteris tics o f  a  cou lom b b lockade an d  its equ iva len t circuit. When there  
is on ly one tunneling barr ier in the circuit, the m agnitude o f  current increases after the 
a p p lie d  vo ltage  b ias exceeds ± e /2 C
I s d
V s d
fb) Schem atic I-V  ch aracteris tics o f  a  C oulom b sta ircase  a n d  its equ iva len t circuit. When there  
is m ultiple tunnelling barrier, current increase as s ta ircase  structure as the dra in  b ias  
increases in m ultip les o f  ±e/2C . Each step  in the I-V  ch aracteris tics represen ts the num ber 
o f  s to red  e lec trons betw een  the barriers.
(c) Schem atic I-V  ch aracteris tics o f  coulom b oscilla tion s a n d  its equ iva len t circuit. B y  
changing a  g a te  bias, the ch em ica l p o ten tia ls  in the quantum  w e ll is controlled. When the  
energy leve ls g e t  c lo se  to the F erm i leve l o f  e lec trodes by  changin g  the g a te  bias a n d  
electrons tra ve l through the barriers by  the constan t dra in -sou rce bias. The In-Vo  
ch aracteris tics becom e surge shape current d ep ic ted  in the figure.
F igure 2 .13: Typical ch aracteris tics o f  sin g le  elec tron  tunnelling phen om ena
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Vsd
(d) Schem atic im age o f  a  C oulom b diam ond. The ch aracteris tics are o b se rved  du ring  the  
m easurem ent o f  cou lom b oscilla tions w h ile  dra in -source bias w as varied. C onductance is 
p lo t te d  in the z  direction. E lectrons are s to red  sta b ly  a t each  sta te  in the quantum  w ell. The 
Vsd-V g ch aracteris tics are o b se rved  as a  d iam on d  structure.
F igure 2.11: Typical characteris tics o f  sin g le  elec tron  tunnelling phenom ena, cont.
Figure 2.13 (a) shows I-V characteristics of a Coulomb blockade and its 
equivalent circuit. The I-V characteristic of Coulomb blockade diodes shows nonlinear 
behaviour. While the voltage applied across the tunnelling barrier is increasing from 0 V, 
no current is observed until the voltage reaches the threshold voltage V = e/2C. Once 
the applied voltage exceeds the threshold voltage, the current starts to flow linearly.
If multiple tunnelling barrier junctions and small islands are set up in the circuit 
(see the Figure 2.13 (b)), the current increases in steps as the applied voltage goes up. It 
is called a Coulomb staircase.
Figure 2.13 (c) shows the typical I-V curves of the Coulomb oscillation and its 
equivalent circuit. The circuit contains one island between two tunnelling barriers and 
an additional third electrode with the gate insulator on the island. This structure is 
known as a single electron transistor, and is the most importance device in this field. 
The chemical potential can be changed by applying a gate voltage, while a constant 
voltage is applied between the source and the drain electrodes. If the potentials of 
source and island are matched, an electron can go into the island, and if the potentials of 
island and drain are matched, the electron can go out form the island. Furthermore, 
since there are quantized energy levels in the island (Figure 2.11), the electrons can 
tunnel through the barrier one at a time, and can be arranged from the lowest energy 
level according to the Pauli Exclusion Principle. Then the islands can be considered as 
artificial atoms.
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Figure 2.13 (d) shows a Coulomb diamond which is observed when the 
Coulomb oscillations are plotted as a function o f the source-drain voltage and gate 
voltage. The conductance is plotted in z- axis, as shown in Figure 2.13 (d).
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Chapter 3 Experimental techniques
Carbon nanotubes and nanofibres were analysed using electron microscopy, 
atomic force microscopy and Raman spectroscopy. For the deposition o f catalyst and 
the fabrication o f the nano-structured devices, several techniques such as sputtering, 
focused ion beam and photolithography were used. The basic operations o f these 
systems are explained in this chapter.
3.1 Analysis techniques
Single wall carbon nanotubes have a small diameter, ~1 nm. To characterise 
such small dimensions in materials, state of the art microscopy is required. In addition, 
proper understanding o f these techniques is one o f the key points in revealing the 
growth mechanism and to prepare devices from carbon nanotubes. In this study, 
several approaches to analyse the carbon nanotubes were used. For example, 
microscopes such as Scanning Electron Microscopy (SEM), Transmission Electron 
Microscopy (TEM), and Atomic Force Microscopy (AFM) are typically used to image 
physical dimensions such as surface structures, atomic orientations, and topological 
structures o f carbon nanotubes, respectively. On the other hand, Raman spectroscopy 
is used to obtain information about bond structures contained within the carbon 
nanotubes. In this chapter, the analysis techniques used in this study are explained.
3.1.1 Scanning electron microscopy
The scanning electron microscope (SEM) [1,2] is typically used to study the 
surface, or near surface structure of bulk specimens. Figure 3.1 shows the schematic 
diagram of the main components of a simple SEM. Electrons are emitted from an
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electron gun placed on the top of SEM system and accelerated to energies between 
about 2 keV and 40 keV.
Electron gun
Condenser lens
Objective lens
Scan coils
Aperture
Specimen
Screen
Waveform
Scan 
generator
Amplifier
Detector
Figure 3. J: Schematic diagram o f  typical scanning electron microscopy. The magnification is given by  
the size o f  the scan. The depth o f  fie ld s  is o f  the order o f  thickness o f  the electron gun exposed  at the 
specimen.
The condenser and objective lenses then reduce the spot size of the electron beam 
typically to 2 -  10 nm in diameter and focus the electron beam at the specimen. Using 
the scan coils the electron beam is rastered across the specimen of which area gives a 
magnification of the obtaining image, whilst at the same time, a detector catches signal 
from the specimen such as counting the number of low energy secondary electrons or 
measuring the intensities of other radiation (X-ray, backscattered electron) at each point 
on the surface. The variety o f the signals from the specimen is summarised 
schematically in the Figure 3.2. The information o f the signal is displayed on the screen 
typically as a 2D map. Figure 3.3 shows typical SEM images obtained by secondary 
electrons from the CNTs and CNTs in this project.
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Figure 3.2: Summary o f  the signals in an SEM
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Figure 3.3: Examples o f  secondary electron m icrographs o f  CNTs (L) and  CNFs (R) obtained in this 
pro jec t with a  15 he V acceleration voltage and spot diam eter o f  2 nm.
The higher acceleration energy of electron beam results in an increase of the signal 
intensities and thereby high contrast images. However, for the observations of small 
structures placed on the surface of specimens such as single wall carbon nanotubes on 
silicon wafers, a lower acceleration energy like ~ 15 kV is typically favoured to reduce
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the signal from the substrates. The higher acceleration energy enables the electron to 
penetrate deeper into the sample and creates stronger signals o f the specimens. In this 
case, the signal from the substrate is magnified in total while intensities o f signals from 
small materials on the surfaces remain relatively constant. As a result, it becomes 
difficult to obtain enough contrast to distinguish the small materials in an image. In 
addition, the higher acceleration energy can cause damage to unstable materials such as 
amorphous carbon or organics. Therefore, for the analysis of carbon nanotubes, a 
careful choice of the beam energy, such as compromise between contrast and spot 
diameters, is necessary.
The typical SEM is operated at high vacuum in the sample chamber, below ~ 
10’^  Pa. Such low contents of the residual gas reduce the number of collisions between 
beam electrons and the gas molecules and results in the stable operation o f the electron 
source and the detectors. On the other hand, an Environmental Scanning Electron 
Microscope (ESEM) can work at low vacuum in the region of 100 - 1000 Pa. There are 
several special benefits of performing SEM at elevated pressures. Firstly, the higher 
pressure enables insulating specimens to be examined without any metallic coating. The 
existence of many gas molecules results in the abundance of free electrons and positive 
ions in the immediate vicinity o f the specimen due to some collisions. Such secondary 
electrons-molecules neutralise the specimen charged by irradiation due to the electron 
beam. Secondly, many specimens, including delicate biological specimens, can be 
examined at elevated-pressure. When the pressure is close to atmosphere, even liquid 
water can be maintained under operational conditions owing to the partial pressure of 
gas, combined with a temperature-controlled stage. Finally, by choosing the gas-liquid 
species, pressure, and temperature, many different “environmental” experiments can be 
conducted, including those on crystal growth, corrosion, chemical reaction, etc [I]. 
However, the images obtained in the ESEM mode have relatively lower resolution 
compared to the high vacuum mode.
In this report, an FEI Quanta 200F Field Emission SEM was used for the 
surface analysis. It is a versatile high resolution (near 1 nm), low vacuum scanning 
electron microscope which can work with three modes (high vacuum, low vacuum and 
ESEM).
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3.1.2 Transmission Electron Microscopy
Like the SEM, a transmission electron Microscope (TEM) [2] is also composed of 
an electron source, several condenser/objective/projector lenses and detectors. In 
addition, both systems are used to image the structures of specimens at high resolution. 
The main difference between the SEM and the TEM is the manner in which signal is 
obtained. SEM typically analyses signals reflected from specimens, such as secondary 
and backscattered electrons. On the other hand, TEM analyses electrons transmitted 
through the specimen, such as diffracted electrons. To obtain a good signal and clear 
images, the thickness of specimens has to be very small, for example less than 100 nm 
in thickness. The acceleration energy o f electron gun is much higher (~ 200 kV) than 
that o f a SEM resulting in increased spatial resolution. From the instrument point of 
view, there are objective and intermediate lenses. These lenses are used to form the first 
intermediate images and diffraction patterns and enlarge them to display on the viewing 
screen, respectively.
Figure 3.4: Schematic image o f  transmitting electrons in a  specimen and  a  p ro jec ted  image. An electron  
beam w as from  the top o f  a  specimen and the image appearing on a  screen below the sam ple is he 
pro jec ted  image through the entire o f  the sample
Figure 3.4 shows a schematic image o f an electron beam which goes through a 
specimen and projects an image beneath the specimen. When it is imaging, the electrons 
come from the top side and go thorough the specimen. During the electrons’ travel in 
the solid material, some of them are diffracted by crystalline structures o f the specimen
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and some of the electrons pass through the specimen without any interaction The 
transmitted electrons finally hit a detector such as a screen, a film or a CCD.
Figure 3.5: Examples o f  TEM images o f  CNTs (L) and  amorphous CNFs (R). TEM images o f  CNTs 
shows clear w all structures along the tube axis, while the carbon fib res show amorphous structures.
The most notable characteristic of the TEM is the high resolution. The order of 
the observable scale can go down to atomic dimensions ~ 0.1 nm. Figure 3.5 shows a 
typical TEM image of single and double wall CNTs and CNFs obtained in this project. 
The TEM images show clearly the layered structure of CNTs and random orientations 
of carbon atoms in the CNFs. Therefore, the TEM is one of the key analysis techniques 
to identify the structure of CNTs such as number of walls and diameter. However, the 
one point to know is the observation area. The TEM analyses a very tiny area o f the 
specimen, typically a few tens of nm area to a few hundreds of nm area for one image. 
That means that the information obtained by TEM does not necessarily have the 
information of the whole specimen. In this project, a Philips CM200 with a LaBô source, 
200 keV acceleration voltage was used which enables us to obtain 0.17 nm resolution.
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3.1.3 Atomic Force Microscopy
LaserPhotodiode
Lens
Cantilever
Sample
xyz Translator
F igure 3.6: Schem atic d iagram  o f  an a tom ic fo r c e  m icroscope. F or the m easurem ents, a  can tilever  
is p la c e d  very  c lo se  to a  specim en  surface, a n d  a  laser is p o in te d  to the tip  o f  can tilever through a  
lens. The la ser  is re flec ted  to a  ph o tod iode . D uring  the tracin g  a  rough surface o f  specim ens, the 
can tilever v ib ra tes  vertica lly  a n d  tw ists. The la ser p o sitio n  on the difference o f  the re flec ted  la ser  is 
con verted  in to top o lo g ica l a n d  p h a se  inform ation by a  com puter.
The Atomic Force Microscope (AFM) can image surfaces of conductors and 
non-conductors in air, liquid or vacuum and is finding a wide range of applications. The 
setup of an AFM is shown in Figure 3.6. The cantilever, which is extremely sensitive to 
weak forces, is fixed at one end while the other end has a sharp tip which gently 
“interacts” with the surface of a sample. When the sample is being scanned in the x-y 
directions, the cantilever will move up and down in the direction vertical to the surface 
of the sample because of the ultra small repulsive force existing between the tip atoms 
and the surface atoms of the sample. The interaction is known as the “atomic force” 
which corresponds to the force contours between the tip and surface atoms of the 
sample. While the cantilever is scanning the surface of the samples, a laser light is 
reflected off the tip of the cantilever onto a photodiode, which has four segments to 
measure shifts of the laser position into x-y directions. Therefore, the movements of the 
cantilever and the tip can be are monitored by the photodiode. The topographic images 
can be obtained either by recording the deflection of the cantilever at each point 
(variable deflection mode) or by keeping the force constant using an integral feedback 
loop and recording the z-movement of the sample (constant-force mode). Depending on 
analysis modes of the AFM, the movements of tips are varied. The AFM tip may be 
kept in direct contact with the surface (contact mode) or it may be vibrated above the 
surface (non-contact mode). For high-resolution imaging and most routine topographic
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profiling, the repulsive-force or contact mode is usually used. In this project, tapping 
mode, which can be obtained by hitting the surface with an oscillating tip was used for 
obtaining topographic information on samples. This eliminates shear forces, which can 
damage soft samples and reduce image resolution. In the non-contact mode, the van der 
Waals force, the magnetic force, or the electrostatic force can be detected.
In the optical-beam-deflection AFM used in this project, a surface feature deflects 
the cantilever through atomic repulsion by a distance ôz. This deflection causes a laser 
beam which is reflected off the cantilever, to deflect by an angle of roughly ôz/l, where I 
is the length of the cantilever, usually 100/200pm. This deflection of the reflected beam 
is seen as a change in the difference between the light striking the segment of a two (or 
four)-segment photodiode. Because of the optical lever, the deflection of the laser beam 
at the photodiode is roughly 1000  times the deflection of the cantilever.
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Figure S. 7: D ispersion A F M  images o f  individual single w all carbon nanotubes. (L) H eight im ages and  
(R) phase image. The images were taken in Tapping mode. The black arrows in the figu re po in t the 
nanotubes
Figure 3.7 shows typical height and phase AFM image of CNTs. The AFM 
enables to image the height differences of a few nano-meters over a large survey area of 
the order of micrometers. The phase image shows the phase differences o f the cantilever 
vibrations on Tapping mode, which relates to the mechanical characteristics of the 
surface materials. The AFM is a good tool to estimate the thickness of thin films or the
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diameter of CNTs. Furthermore, it enables one to know information of the dispersion of 
carbon nanotubes on the substrates.
3.1.4 Raman spectroscopy
Raman spectroscopy [3,4] is the analysis o f inelastically scattered light. The 
scattering occur the interaction o f the radiating dipole moment in a system and the 
electric field of the incident electromagnetic radiation. In a crystal, the electric field of a 
plane E  is expressed by the equation (3.1)
jE = (3.1)
where the Vg is a frequency o f a monochromatic wave which propagates in a direction 
Kg. The dipole moment, m, induced in the system by the exciting radiation, E, is 
represented by
vtv = a E .  (3.2)
where a  is the polarizability tensor. The expanded polarizability in a set o f normal 
coordinates o f the crystal is given by:
The linear term in Qk is responsible for first-order scattering, and the quadratic and 
higher terms account for the second- and higher-order effects, respectively 
Since the lattice waves are expressed by
a  = . 4 , .  (3.4)
For the normal coordinate, the induced dipole becomes, to first order,
m'= or +  y  I —  . (3.5)
The scattered light is then o f frequency and propagates in a direction given by
the wave v e c t o r ± k ^ . When Vk is an optical lattice frequency, the scattering processes 
is referred to as the Raman Effect. The frequencies given by are called the
Stokes or anti-Stokes frequencies, respectively.
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Figure 3.8: Typical Raman spectra o f  CNTs obtained in this project. The Si signal comes from the 
substrate. The G and D peaks come from carbon structure are containing information about material o f  
bonds and defect/s. The peak in the radial breathing mode region (RBM) is a signature fo r  the existence 
o f small diameter carbon nanotubes, originating from lattice vibrations occur perpendicular to the tube 
axis.
Raman spectroscopy is useful to analyse crystalline structures of carbon nanotubes. 
Figure 3.8 shows a Raman spectrum obtained from carbon nanotubes. The peaks 
appearing in the region around 1300 cm"  ^ and 1600 cm'^ are called the G-peak and the 
D-peak, respectively. The G-band peak originates from vibrations o f the graphitic 
structure of carbon as shown in the Figure 3.9 (a) [5]. On the other hand, the D-band 
peak relates to the disorder (defect) of carbon materials [6 ]. Therefore, the peaks are 
used to analyse the crystallinity o f carbon nanotubes. In addition, the peaks appearing 
below 300 cm’  ^ are called the radial breathing modes (RBM). The RBM scatterings are 
induced by lattice vibrations of carbon nanotubes perpendicular (radial) to the tube axis, 
carbon, as shown in Figure 3.9 (b). The RBM peaks contain information on the 
diameters of thin carbon nanotubes. The diameter of isolated single wall carbon 
nanotubes dt (nm) on a silicon oxide substrate is typically estimated by using the 
equation;
248
d ,  =
0)
(3.6)
RBM
where the (cm'^) corresponds to the Raman shift in the RBM region [4].
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(a)
Figure 3.9: Schematic illustrations o f examples o f  carbon atom movements induced by Raman scatterings 
in carbon nanotubes, (a) A top-down view o f  a nanotube wall and G-mode vibrations, (b) A cross 
sectional image a carbon nanotube perpendicular to the tube axis and RBM vibrations. The yellow circles, 
the black thick lines and the red arrows in the figures express carbon atoms in carbon nanotubes, C-C 
bonds and the directions o f their vibrations, respectively.
3.1.5 I-V measurements
In this project, we used a Keithley 4200 multi-meter connected to a probe station 
for the I-V measurements. This multi-meter can measure up to 4-point currents and 
voltages. The Keithley 4200 is programmable so that it can be used to apply electric 
currents and voltages with fixed bias, sweep, list sweep and step parameters. In the 
probe station, gold tips were attached to contact with the electrodes of samples. Figure 
3.10 shows typical output characteristics of a p-channel PET (JI75) measured with this 
system.
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Figure 3.10: Output characteristics o f a commercial p-channel FET (JI75) measured using the Keithley 
4200; the drain-source currents Ids decreases as the gate bias Vc, increases in this depletion mode device.
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3.2 Preparation techniques
For the preparation o f CNTs and their characterization, several techniques were 
established for the deposition of catalysts and the fabrication o f device structures. From 
the viewpoint of the electrode formation to devices, the process can be separated into 
three sections. Firstly, substrates such as silicon wafers were patterned by using the 
conventional technique o f photolithography. Secondly, metal films were deposited on 
the patterned substrates by sputtering, and then a lift-off process is carried out. Thirdly, 
the patterning of the metal films was carried out using the Focused Ion Beam (FIB). 
After the preparation of the electrodes, carbon nanotubes were dispersed on the 
substrates with a solvent. In addition, the devices were occasionally processed by 
further depositing tungsten on the carbon nanotubes using the FIB, to obtain better 
contacts between the carbon nanotubes and the electrodes. In this section, the technique 
used for the each fabrication process is explained with brief principles o f the operations.
3.2.1 Photolithography
For the patterning of metal electrodes onto silicon wafers, a lift-off process with 
conventional photolithography was used. In this process, Shipley S I805 and MF319 
were used as the photoresist and the developer, respectively. Before covering the sample 
with photoresist, the substrates were immersed in Primer for a second, and then 
blow-dried using a nitrogen gun. The process enables the formation o f an underlayer to 
the photoresist, which results in the formation of the fiat metal films at their edge after 
the Primer and the photoresist are removed.
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Figure 3.11: SEM images o f a metal film  patterned with photolithography on a Si wafer, (a) A low 
magnification image o f the metal film  patterned into an array structure, (b) A high magnification image 
of one o f the patterned structures which has eight contact pads connected to one electrode p a d  placed in 
the centre which used fo r  a further patterning by milling.
Figure 3.11 shows SEM images of a patterned metal film. The metal film is 
patterned into an array structure as shown in Figure 3.11 (a). One of the patterned 
structures has one square metal pad placed in the centre of the device and 8 other square 
pads surround it as contact pads as shown in Figure 3.11 (b). Each pad is about 100 pm 
in length and is connected to the centre pad by metal lines. Further patterning o f the 
centre pad is explained in section 3.2.3.1. Metal films (gold, palladium, chromium) 
were deliberately chosen and deposited depending on the purpose of the experiment. 
The photoresist was exposed to UV light using a Quinte 1 Ultra p series as a mask 
aligner.
3.2.2 Sputtering
A JLS-500 sputtering system was used for the deposition of thin metal films as 
catalysts and electrodes. In the main chamber of the apparatus, there are four target 
holders and four shutters, which enable metal deposition of a layered structure without 
exposing it to air. In this project, aluminium, iron, nickel, molybdenum, gold, palladium, 
chromium, titanium and tungsten were used. The film thicknesses and the deposition 
rates of each film are estimated using atomic force microscopy. Before the deposition of 
the films, the chamber was pumped down to 1 x 10'^ Torr or less, then Ar gas was 
introduced to maintain the pressure of 1 - 5  mTorr. DC power was supplied to generate
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a plasma and thin films were formed on the substrates. During the deposition, the 
sample holder was kept at 65 mm away from the target and rotated at 4 ~ 12 rpm. For 
the gold films, underlayers of chromium or titanium with a few nano-meters in 
thickness were used to avoid delamination of the films.
3.2.3 Focused ion beam
Primary ion (Ga)
Sputtered Particle
secondary e le c tr o n s^
e  ®
vacuum e" LW W
' / / / / / / . ^ / / /
solid
Figure 3.12: Schematic diagram o f the sputtering process and ion-solid interactions reproducedfrom  
Lusile et al. [7].
The typical focused ion beam (FIB) is very similar to a scanning electron 
microscope, apart from using an ion beam instead of an electron beam to image. By 
changing the beam source, additional features are obtained not only for the imaging but 
also for the deposition and milling. To generate an ion beam, gallium is currently used 
as an ion source because of the low melting point (Tmp = 29.8 °C), and its emission 
characteristics, which enable high angular intensity with a small energy spread. In 
addition, a dual platform system incorporating an ion column and an electron column 
has advanced capabilities for the structure modifications of the specimen. The electron 
beam can be used for imaging without concerns of sputtering or damaging of the sample 
surface by the ion beam. As a result, very creative ion beam milling and characterization 
can be performed. Figure 3.12 shows a schematic diagram illustrating some of the 
possible ion beam/material interactions that can result from ion bombardment of a solid.
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Milling takes place as a result o f physically sputtering the target. The number of 
secondary electrons generated per incident ion is 10 - lOOOx greater than the number of 
secondary ions generated per incident ion in general. Therefore, detection o f the emitted 
secondary electrons is the standard mode for imaging in the FIB. However, if  the 
sample is non-conducting, it will accumulate a net positive charge as a result of 
impinging Ga^ ions. The net positive charge will inhibit the escape o f secondary 
electrons emitted from the surface. This type o f charging artefacts is observed as dark 
contrast in the image when secondary electrons are used for imaging. For such reasons, 
secondary ion imaging is a useful alternative to circumvent charging artefacts during 
FIB imaging and milling o f non-conducting samples. In addition, FIB combined with a 
gas source containing the chemical precursors for deposition o f materials or for 
enhanced, selective material removal provides the capabilities for a much wider range 
of micromachining applications, like micro-electro-mechanical system (MEMS). The 
ability o f deposition can provide useful materials like tungsten as conductors and silicon 
oxide as an insulator on almost any solid surface with nano-meter spatial precision.
In this project, the Novalab 600 Dual beam (FIB/SEM) was used. The e-beam 
generates high resolution scanning electron images (near I nm). In addition, there are 
three gas injection columns for tungsten, carbon and silicon oxide depositions. A Nabity 
patterning generator system (NPGS) was attached on the FIB, which enables easy 
design and patterning by combining the techniques o f e-beam lithography, milling and 
deposition with computer aided design (CAD) software. In addition, a 
nano-manipulation system (Zyvex s i 00 nano-manipulator) was also attached in the 
chamber which enables precise manipulation o f samples. Details o f the FIB system used 
in this project are explained in the following sections.
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3.2.3.1 Ion beam patterning using CAD software (Milling)
In this project, FIB milling was carried out using a CAD software for the 
patterning of electrodes. The software enables one to control designs and properties of 
the patterning. To obtain proper electrodes, optimisation of the properties such as repeat 
time, scan-speed and scan-pitch and dwell time are necessary. Figure 3.13 shows SEM 
images of the electrodes obtained by milling. The ion beam milling enables one to 
create gaps with widths ranging from tens of nm to several microns.
Figure 3.13: (a) High and (b) low magnification SEM images o f  a FIB patterned electrode. The 
interdigitated structure in (a) was milled at the bottom left o f the centre p a d  shown in the Figure 3.11 (b).
Figure 3.14 shows the SEM images of a chromium film/silicon oxide layered sample, 
with a variation of repeat time of milling while other milling conditions were fixed as 
constant. As the repeat time increased, the trenches became deeper. The surface 
structure was relatively rough due to the granular structure of the films creating a 
shading effect as shown in Figure 3.14 (a) -  (d). When the milling reached the silicon 
oxide, a flat surface appeared and the contrast in the SEM images increased. The milling 
was carried out until the etched surface became completely flat, to avoid unwanted 
leakage currents between the electrodes as shown in Figure 3.14 (f).
53
Fumiîaka Ohashi Experimental Techniques
m
Figure 3.14: SEM images o f milling process o f a chromium film  with a variation o f repeat times. Repeat 
time were varied like (a) 10, (b) 15, (c) 20, (d) 25, (e) 20 and ( f  30. Other milling conditions: Centre to 
centre distance: 19.47 nm. Line space: 19.47 nm. Current: 500 pA, Dwell time; 20 psec. Line dose: 5.14. 
As the repeat time increased, surfaces o f  the patterned part changed from  rough to fla t structures. 1-V 
measurements show an open circuit characteristic after the patterned became completely flat.
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3.2.5.2 Nano-manipulator
The FIB system used in this project has a nano-manipulation system (Zyvex 
s i00) which can be used to handle small materials. The system has four sharp probes 
which can be moved using piezoelectric elements. The probes are electrically connected 
with a joystick controller and the movement can be controlled with accuracy o f about 
~20 nm in the X-Y-Z directions. By using the probes, CNTs/CNFs can be dragged, 
picked up and carried to other places. In addition, the probes can be used as electrodes 
to measure I-V characteristics by directly touching onto the specimens.
3.2.3.3 Patterned deposition of materials in the FIB
There are three gas injection columns for W(CO)ô, C iqHô and Tetraethyl 
orthosilicate (TEOS) attached on the FIB chamber. They are used for the depositions of 
tungsten, carbon and silicon oxide, respectively, by using an electron beam (e-beam) or 
an ion beam (i-beam).
Figure 3.15 shows SEM images of tungsten pads deposited by i-beam. The 
tungsten pads deposited by i-beam have relatively higher conductivity and faster 
deposition rates, compared to those deposited by e-beam due to a lower carbon content 
in the pads and the higher beam energy. However, the i-beam can severely damage the 
specimens, especially CNTs and silicon oxide. On the other hand, e-beam deposition 
enables precise control o f deposition positions and higher spatial resolution o f the 
resulting pad. In addition, the actual deposits have skirt structures, appearing as bright 
parts around the tungsten pads in the left hand side o f Figure 3.15. Such unwanted 
depositions occur due to the chemical reactions o f the W ( C 0 ) 6  with secondary electrons 
induced by e-beam and i-beam. Furthermore, the i-beam depositions tend to result in a 
wider spread o f the skirt structures due to the higher energy and the creation o f many 
secondary electrons. Therefore, a careful choice o f the beam source and setting o f the 
deposition conditions is necessary, depending on the materials o f the specimen and 
purposes (i.e. a large area contact or a small area contact).
Figure 3.16 shows the I-V characteristics o f a tungsten pad deposited by 
e-beam and the SEM images before and after the I-V measurements. The conductance 
of the tungsten pad was about 150 nS, and structural changes were observed after the 
measurements. Compared to the quantum conductance Go (2e^/h = 77.48 jiS), the
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conductance of the tungsten pad is small, therefore, we have to be careful when the 
tungsten pads deposited by e-beam are used as electrodes.
Figure 3.15: SEM images o f tungsten wires deposited by i-beam between A u electrode and a CNT. To 
avoid damage to the carbon nanotube, the tungsten pads were deposited from small structures and 
extended with larger tungsten pads to connect metal electrodes patterned by photolithography.
Figure 3.16 shows the I-V characteristics of a silicon oxide pad and SEM 
images taken at different accelerating voltages. According to the I-V characteristics of 
the silicon oxide pad, insulating properties were obtained with about a 200  nm gaps. 
The silicon oxide pad was deposited by e-beam with set values of 100 nm in width and 
1 pm in length. However, the actual deposited structures extended especially in the 
width when compared to the tungsten pads. This phenomenon occurred because of the 
low evaporation energy of TEOS. The TEOS gains energy from secondary electrons 
that spread very widely, and then transforms into a solid. Therefore, precise control in 
the deposition area o f silicon oxide is necessary compared to the tungsten pads.
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Figure 3.16: (a) I-V characteristics o f  tungsten and silicon oxide pads deposited by e-beam, (b), (c) SEM  
image o f a tungsten p a d  measured before and after the I- V measurements. Deformation appeared after 
the 1- V measurements, (d), (e) SEM images o f a W pad  (top right) and TEOS (bottom left) pad  deposited  
by e-beam, imaged at (d) 30 kV and (e) 5 kV accelerating voltage. The difference in the deposited  
structures is possibly induced by a difference o f the reaction energy o/W(CO)6 and TEOS. The TEOS 
reacts with lower energy compared to the W(C0)6. Therefore, it was deposited by low energy secondary 
electrons emitted around the e-beam exposed area.
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Chapter 4 Carbon nanotubes: Production methods and growth 
models
The study o f carbon fibres bas started since the 1960s, and then the motivation was 
focused on improving growth yields, to obtain better crystallinity and to reveal their 
growth mechanism. Since the first experimental observation of carbon nanotubes in 
1991 by lijima, the interests o f the carbon fibre growth were shifted toward the growth 
of carbon nanotubes [1]. The major growth techniques o f carbon nanotubes can be 
categorised into three methods; arc discharge, laser ablation and chemical vapour 
deposition. Each method has been developed and used based on the purpose o f the study 
and the application. For example, the laser ablation method was tentatively used for the 
growth o f high quality carbon nanotubes which are often used to reveal intrinsic 
characteristics o f the carbon nanotubes. In the last decade, synthesis studies of carbon 
nanotubes were mainly focused on the chemical vapour deposition process due to the 
technique’s suitability for commercialisation o f carbon nanotube electronic devices and 
mass production. Successful mass production of carbon nanotubes was carried out as a 
continuous production by using floating catalysts, which are introduced with a carbon 
precursor during the reaction time [2]. However, from a viewpoint of electronic device 
application, further developments of the growth techniques and understanding o f the 
growth mechanisms o f the carbon nanotubes are still necessary.
In this section, the mechanisms o f three major techniques for carbon nanotube 
growth are explained with their advantages and disadvantages in the section 4.1, 4.2 and 
4.3. Finally, explanations o f the growth mechanisms especially on the catalytic chemical 
vapour deposition follows in section 4.4.
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4.1 The Arc discharge method
The arc discharge process is simple and one of the earliest techniques for 
generating bulk carbon nanotubes. Figure 4.1 shows a cross-sectional view of a typical 
arc discharge system. The conditions which are normally used for operating a carbon 
arc for the synthesis of carbon nanotubes includes the use of carbon rod electrodes of 
5-20 mm diameter separated by ~1 mm. A dc voltage of 20-25 V is applied between the 
electrodes and an arc is formed, which draws a typical current of 50-120 A. About 500 
Torr of helium with a flow rate of 5-15 ml/s is used for cooling and continuing the arc. 
As the carbon nanotubes grow, the length of the positive electrode (anode) decreases. 
When the arc is in operation, carbon deposits form on the negative electrode (cathode) 
and on the wall of the chamber. Using this technique, good quality carbon nanotubes 
can be obtained [3,4].
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Figure 4.1: Cross sectional view o f a typical arc discharge system. There are two graphite rods pointing  
each other at the middle o f  chamber. An arc is generated between them to grow carbon nanotubes. The 
figure is reproduced from Saito et al. [3J.
When a catalyst such as a transition metal (e.g. Co, Ni, Fe) and rare-earth metal 
(e.g. Y and Gd) have been used, isolated single wall carbon nanotubes were prepared. 
Mixed metals such as Fe/Ni and Co/Pt, have been used to synthesise ropes of single 
wall carbon nanotubes [3]. For the synthesis of multi wall carbon nanotubes, the catalyst 
is not necessary [4]. The nanotubes are found in bundles in the inner region o f the
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cathode deposit, where the temperature is a maximum (2500-3000°C).
4.2 The Laser ablation method
Laser ablation is an efficient method for the synthesis of bundles of single wall 
carbon nanotubes with high quality and narrow diameter distributions. Figure 4.2 shows 
a cross sectional view of a typical laser ablation system. The target, which is a mixture 
of graphite and catalyst metal, such as Co, Ni and Fe, is heated up at 1200°C in a 
furnace with an Ar gas flow. Then the graphite target is vaporized by the pulsed laser 
(normally with a Nd: YAG laser) irradiation. The vaporized carbon materials are carried 
by the Ar gas and trapped by a collector which includes the cooling system.
Gas inlet
Pulsed laser
He, Ar, Kr
Furnace
Water-cooled 
copper collector
Gas flow
Graphite target
To pump
Figure 4.2: Cross sectional image o f laser ablation system redrawn from Saito et al, [3]. A pulsed laser 
hits the graphite target in a furnace and generates carbon nanotubes. The nanotubes are carried by the 
introduced gas, then form a felt-like material at the tip o f  the water-cooled copper collector.
Comparing the diameter distribution with that obtained using the arc-discharge 
method, the laser ablation method is a more controlled technique to grow single wall 
carbon nanotubes with high yields [3]. However, it is still difficult to obtain large 
quantities of single wall carbon nanotubes. Therefore, laser ablation is typically used in 
laboratories to obtain carbon nanotubes which are examined to reveal the growth 
mechanism and their properties, and to study ideal devices [3-7].
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4.3 The Catalytic chemical vapour deposition (CCVD) method
The chemical vapour deposition (CVD) technique has been studied for a long time 
for the deposition o f metal, semiconductor, and insulator films [8]. It is mainly used in 
the semiconductor industry as a major method for the fabrication of electronic devices. 
This technique is suitable for large-scale fabrication, and therefore it has been 
considered a candidate method for fabrication o f carbon nanotube devices. Before the 
discovery of carbon nanotubes, the technique was also used for the decomposition of 
hydrocarbons and for the synthesis of carbon filaments [9]. Among those studies, 
transition metals such as iron, nickel and cobalt were employed as catalysts to induce the 
decomposition of the carbon source. After the discovery o f carbon nanotubes, the CCVD 
technique was widely investigated and developed for better control of carbon nanotube 
growth. This technique allowed for the synthesis o f carbon nanotubes at relatively lower 
temperatures compared to those explained in the previous sections, and enabled control 
o f the growth position on the substrates, which is a prerequisite for the fabrication of 
carbon nanotube devices over large areas.
In the CCVD technique, there are two typical routes to drive the dissociation o f the 
carbon source in order to accelerate its chemical reaction with the catalysts and result in 
the formation o f the nanotubes: one is by using a plasma and the other is by a thermal 
method. Each method has been studied extensively. In this section, the properties and the 
roles of the catalyst in the CVD method are first explained, followed by details about the 
two major methods, plasma enhanced- and thermal-CVD. Finally, the growth models o f 
carbon nanotubes on the CCVD method are described.
4.3.1 Catalysts and interlayers
Transition metals are typically used as catalyst for carbon nanotube growth. 
However, transition metals with bulk structures (>100 nm) are not suitable for the 
nucléation of filamentous structures as they are not reactive enough. For the growth o f 
carbon nanotubes/nanofibres, the metals generally have to be small structures, spherical 
particles of diameters of a few tens of nanometres [9-14]. There are many approaches to 
form the catalyst nano-particles. Typically, the metals which are deposited chemically or 
physically are supported on the substrates, and then placed into a CVD chamber for the 
carbon nanotube growth.
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The catalyst can be synthesised using chemical methods and there are several 
ways such as wet catalyst, colloids and sol-gel to achieve suitable distributions. For 
example, using a sol gel method, a precursor with an active component such as iron 
nitrate aqueous solution and the precursor of a textural promoter such as silica or 
alumina are mixed and gelated. They are dried to remove the excess water and solvent 
on the substrate and finally calcinated, and then nano-metal particles can be used for the 
carbon nanotube growth [15].
Catalyst film
(a)
Catalyst particles
Figure 4.3; Schematic illustrations and SEM images o f catalysts on substrates, (a) A catalyst deposited as 
a film structure on silicon, (b) Catalysts form ed particle structures after annealing, (c) SEM image o f  Ni 
catalysts annealed on silicon oxide with a variation o f the initial film  thickness. Reproduced from  
Chhowalla et al. [16]. The films were deposited by magnetron sputtering on 50 nm o f ECR S 1O2  after 
annealing at 750 °C in 20 Torr o f  H2 fo r  15 minutes.
The catalyst is deposited on the substrates in the form of a very thin film (only a 
few nano-meters in thickness) by a physical vapour deposition method such as 
sputtering and forms particle structures by annealing. These techniques allow an easy 
patterning of the catalyst particles on the substrates by using conventional 
photolithography. Figure 4.4 shows schematic illustrations of catalysts on substrates and 
SEM images of actual catalyst particles formed on the substrate from film structures 
[16]. The film structured catalyst shown in the Figure 4.4 (a) breaks up when annealed.
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and the thermal energy allows the atoms to reconfigure, move and reach an 
energetically favoured configuration such as nanocluster configurations as shown in the 
Figure 4.3 (b) and (c) [16,19]. The particle size is controlled by changing the initial 
thickness of the catalyst films and the temperature and the duration of the annealing. 
Figure 4.3 (c) shows the catalyst particles formed by the annealing with a variation of 
catalyst film thickness. Thicker catalyst films results in the catalyst particles with large 
diameters. In addition, higher temperatures and longer annealing times also results in 
the larger-size catalyst particles. The higher annealing temperature provides higher 
energy to each catalyst particle, therefore, the particles are allowed to move more 
aggressively. On the other hand, the longer annealing results in an increase of chances to 
meet other particles while they are travelling longer distances on the substrates during 
annealing, leading to large particles formation.
Catalyst particles
(c)
p m ,
t e  ' ^
F igure 4 .4  Schematic illustrations and cross sectional TEM image o f  catalysts on substrates (a) A 
catalyst metal or silicon diffuse and react by thermal energy o f  annealing, (b) No diffusion due to an 
interlayer, (c) TEM image o f  catalyst after annealed with methane, Silicide was observed from the 
diffraction patterns. Reproduced from Horn ma et al. [20 ].The top figure (c) shows Fe nanoparticles after 
annealing at 1000 °C and the bottom figure (c) shows Co nanoparticles after annealing at 950° C.
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When the catalysts are deposited directly on the silicon wafers, the yield of 
carbon nanotube growth is typically very low due to interdififusion o f the catalyst metal 
or the silicon [12,20,21]. Homma et al. reported the formation of iron silicide by 
annealing iron catalysts on silicon wafers in methane atmosphere as shown in the Figure 
4.4 (c) [20]. Vajtai et al. showed the formation o f SiC fibres when Pd catalysts on 
silicon wafers were annealed in a methane atmosphere [21]. To avoid such chemical 
reactions between the catalyst metals and the silicon wafer, additional interlayer such as 
aluminium, aluminium oxide and silicon oxide were often employed between the silicon 
substrate and catalyst layer. The interlayer prevents the diffusion of the catalysts or the 
metals. As another effects of interlayer, the size o f catalyst particles becomes smaller by 
the interaction (either physically or chemically) between the catalyst and interlayer. As 
physically interactions, van der Waals electrostatic force surface and roughness reduce 
the thermally driven diffusion and sintering o f metal particles on the support surface. 
This results in the stabilization of the catalyst particle size during the carbon nanotube 
growth. As chemical interactions, negative charges are provided into the metal catalyst 
from the substrate which enhances its catalytic activity by strengthening back donation 
of electron density into anti-bonding orbitals of the absorbate [22]. This electron sharing 
between catalyst and absorbate weakens the bonding within the absorbate and is 
resulting in its dissociation. Dissociation o f hydrocarbons on metal catalyst leads a 
formation o f graphite structure and thus carbon nanotube synthesis. In addition, strong 
chemical interaction also decreases the catalyst particle’s mobility. The typical interlayer 
such as aluminium oxide and silicon oxide are partially reduced during the annealing 
with hydrogen. The reduced area transfers negative charges into the catalysts which 
enhance the interaction between the catalyst and interlayer. Therefore, the interlayer 
results in the increase of small diameter nanoparticles [13].
As an example o f introducing catalysts without supporting substrates, molecules 
such as ferrocene, which include transition metals, are used in the furnace as a vapour 
gas. The material is injected into the reaction furnace with carrier gases, and 
decomposed by thermal energy. The decomposed species form metal nanoparticles 
which enable the nucléation of carbon nanotubes. This technique is used for continuous 
and mass production of carbon nanotubes [23,24].
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Figure 4.5: (a) Ni catalyst particles size KS. Nanotube diameter, (b) Ni catalyst film thickness V.S. density, 
length and diameter o f carbon nanotubes. Reproduced from Chhowalla et al. [16]. As the Ni thickness 
increased, the diameters o f the catalyst particles and o f the nanotubes increased, while lengths and 
densities o f carbon nanotubes decreased.
For synthesis of the carbon fibres/nanotubes, the catalyst particles play a key role. 
The carbon nanotube growth with the CVD technique occurs via the chemical reaction 
of the carbon source on the surface of the catalyst particle. Therefore, the precise 
positioning of catalyst particles on the substrate enables the control of the growth 
position of carbon nanotubes. In addition, many groups showed that there is a relation in 
size between the diameters of the carbon nanotube and the diameters o f the catalyst 
particles as shown in Figure 4.5 (a) [9,16]. Moreover, smaller particle sizes tend to 
result in higher yields of carbon nanotubes in Figure 4.5 (b) [9,16]. Furthermore, Dupuis 
et al. reported that the number of walls of carbon nanotubes changes depends on the size 
of catalyst particles and the material of the catalyst [9]. Therefore, careful understanding 
and control of catalyst is necessary for the controlled growth of carbon nanotubes.
4.3.2 Pre-treatment
When the surfaces o f catalyst particles are contaminated or oxidised by exposing 
to the atmosphere before being placed into the growth chamber, the catalyst particles 
sometimes do not lead to the formation of the carbon nanotubes. In those cases, a 
process known as “pre-treatment” is performed before the actual carbon nanotube 
reactions are induced. During the pre-treatment, the catalyst materials are annealed in a 
reducing atmosphere like hydrogen or ammonia, before introducing the carbon source.
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From the viewpoint of catalyst morphology with thin films, the process allows 
the shape o f catalyst thin film to transform into a particle structure. The control o f the 
particle size is achieved by changing the temperature, reaction gas, and the duration. 
The catalyst atoms aggregate on the substrates during the annealing and then form a 
particle structure.
4.3.3 Plasma Enhanced CVD
To form fibrous structures with catalytic CVD, a carbon precursor has to be 
firstly decomposed on the catalyst. Plasma Enhanced CVD (PECVD) is a technique to 
induce the decomposition of reaction gases by a plasma. Figure 4.6 shows a schematic 
illustration o f the PECVD system. There are two electrodes in a chamber and gases are 
introduced through a hole fixed in one o f the electrodes (anode in the Figure 4.6). 
Plasma is generated between the electrodes by applying a dc, a rf  or a microwave 
electric field. A catalyst deposited on a substrate is placed in the middle o f electrodes 
(on the cathode in the Figure 4.6), then the chemical reactions occur at the surface. To 
enhance the depositions and the catalyst activity further, thermal energy is provided by a 
heater which placed between the substrates and the electrode (cathode in Figure 4.6).
The PECVD enables the carbon nanotube growth at relatively lower temperatures 
(~700°C) compared to those o f the Thermal CVD (~900°C). The PECVD process 
provides decomposition energy by both plasma and a heater while the TCVD process 
provides only thermal energy. Such a low temperature growth is an advantage to avoid 
the degradation of the materials used as substrates or electrodes. In addition. Bower et al. 
reported that the vertical alignment of carbon nanotubes is induced by the electric field 
of the plasma [25]. Therefore, the technique is tentatively studied for the application of 
field emission devices which need oriented high aspect ratio structures on display glass 
(the strain point is 66 6°C) to enhance the electron emissions. Furthermore, Boskovic et 
al. showed that carbon fibres can grown without intentional heating o f the substrates, 
with the heat being provided by the rf-generated plasma, using CH4, H2 and Ni [26].
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Figure 4.6- Schematic illustration of PE-CVD system.
For the growth of carbon nanotubes, acetylene is often used as a carbon source, 
hydrogen and ammonia as activation gases and nitrogen are introduced as dilution gas. 
There are many reports showing vertically aligned multi wall carbon nanotubes using 
the gases and nickel catalysts [16,27-29]. Chhowalla et al. demonstrated that a higher 
acetylene gas ratio results in conical structures of carbon nanotubes [16] Delzeit et al. 
showed structural transition of carbon nanotube and to nanofibres when using methane, 
hydrogen and argon [30]. They explained the structural change occurred depending on 
the hydrogen concentrations during the growth. When there is a large amount of 
hydrogen, they terminate the dangling bonds of carbons and promote the formation of 
angled graphene layers in carbon fibres.
4.3.4 Thermal CVD
Another typical method for producing carbon nanotubes is thermal chemical 
vapour deposition. Figure 4.7 shows a schematic of thermal chemical vapour deposition 
system. Transition metals such as Co, Ni, Fe or their mixtures are used as catalyst 
materials. To enhance the nanotube growth, support materials such as porous aluminium 
oxide are sometimes used, as shown in section 4.3.1. The growth process involves
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heating the catalyst materials to high temperatures ~1100°C, in a quartz tube furnace. 
Hydrocarbon gases such as methane, acetylene, benzene, or polyethylene are typically 
introduced in the system together with a dilution gas like hydrogen or ammonia, and 
then decomposed on the surface o f substrates by the thermal energy. For synthesis of 
single wall carbon nanotubes with this method, higher temperatures, and smaller 
amount of carbon source and smaller particles of catalyst materials are typically used 
when compared to the growth conditions for multi wall carbon nanotubes. The growth 
temperatures tend to be higher than those for PE-CVD which can be a disadvantage for 
the fabrication of carbon nanotubes. However, Cantoro et al. have shown that carbon 
nanotubes can grow even at 400°C, which is close to the range of the lowest 
temperature of PE-CVD growth, although Boskovic showed even room temperature 
growth of carbon fibres with rf-PECVD [14,26].
Furnace
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Figure 4 .7; Schematic image o f chemical vapour deposition system. The gas flows through the furnace 
heated to 1000°C and reacts on the catalyst, leading to CNTformation.
One significant advantage of the vapour growth approach is that carbon nanotubes 
can be produced continuously by using floating catalysts. It enables the mass production 
of carbon nanotubes. Furthermore, as another advantage, the chemical vapour 
deposition can be used for directed growth of carbon nanotubes at desired positions by
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using the substrates on which the catalysts are patterned with conventional 
photolithography technique. Therefore, these techniques are considered as the most 
realistic method for scale-up and fabrications o f commercial carbon nanotube devices. 
However, the carbon nanotubes normally have lower levels o f crystallinity compared to 
the carbon nanotubes grown by the arc discharge and laser ablation processes. In 
addition, amorphous carbon which is known as an unwanted material for the fabrication 
of carbon nanotube devices is typically deposited at the same time. To avoid such 
unwanted defects or deposits, a lot o f effort for the optimisation of carbon nanotube 
growth is required compared with other growth methods because o f the variety 
parameters for the growth such as the choice o f carbon source, catalyst and growth 
conditions [9,31].
4.4 Growth models of carbon fibres/nanotubes on CVD
Carbon filaments are categorised depending on the crystalline structures, as being 
amorphous, stacked, herringbone or tubular, as shown in Figure 4.8. Figure 4.8 (a) 
shows the amorphous structure and Figure 4.8 (b) ~ (d) show a graphitised filament with 
graphitic layers angled with respect to the tube axis. Figure 4.8 (e) shows TEM images 
of the herringbone structure as illustrated in the Figure 4.8 (c).
The growth models o f each structure are different, and the growth conditions have 
to be managed to obtain precise control of carbon fibre/nanotube growth and for the 
fabrication o f characteristically homogeneous and stable operation o f their electronic 
devices. In this section, we give an overview o f the growth models as they have 
developed from the original growth models o f carbon fibres.
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Figure 4.8: Side view images o f carbon fibres/nanotubes with the variations o f crystalline structures (a) 
amorphous, (b) staked, (c) herringbone and (d) tubular structure. The black lines in the figure (b) to (d) 
depict the side views o f graphene sheets, (e) STEM images o f carbon nanofibres with herringbone and 
bamboo structures, reproduced from Melechko et al. [27]. The fibres were synthesised using dc-PECVD 
with (left) Ni and (right) Fe catalysts.
4.4.1 Tip and base growth models
There are two categories of growth models which are named based on the relative 
position of the catalyst particles in the carbon filament, tip growth and base growth, as 
shown in Figure 4.9. The ideas for these growth models were firstly proposed by Baker 
et al. based on the thermodynamic studies of carbon filaments grown by the 
decompositions of hydrocarbon with CVD [10]. The tip growth model is common to 
carbon fibres and multi wall carbon nanotubes with large diameters are shown in Figure
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4.9 (a) and (b). The carbon sources are decomposed at the top exposed surface of the 
catalyst particles (shown as white particles in Figure 4.9), then the carbon atoms diffuse 
downwards into the catalyst. Carbon deposits as carbon nanotubes/carbon nanofibres, 
driven by temperature and concentration gradients. At the same time, the catalyst 
particles are lifted up from the substrates as the carbon fibres/nanotubes grow. 
According to TEM experiments, several shapes o f catalyst particles are reported such as 
spherical and conical shapes. Conical shapes o f catalyst particles are found with the tip 
growth. Figure 4.9 (b). On the other hand, in base growth models, which are typically 
found at the synthesis of single wall carbon nanotube or small diameter multi wall 
carbon nanotubes, the catalysts are stuck to the substrates as shown in Figure 4.9 (c) and
(d). Therefore, it is difficult to find the catalyst particles with the TEM observations. In 
the growth model, the carbon atoms are thought to decompose at the side o f the catalyst 
particles and then to diffuse to the middle surface o f the particles to form filament 
structures. The filaments grow upwards, while the catalyst remains on the substrate. The 
growth of carbon filaments stops when the catalysts are covered by a thick carbon 
deposit on their surface which denies further decomposition o f the carbon source. The 
difference in the positions of catalysts on the nanotubes occurs due to the variations in 
the interactions between the catalyst and the substrate; Fe and Co have strong 
interactions with silicon substrates [20,32].
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Figure 4.9: Schematic images o f tip and base growth model fo r  carbon nanotubes and TEM images o f  
carbon nanotiibes grown with base growth mechanism, (a) Tip growth with round shape catalyst, (b) Tip 
growth with conical shaped catalyst and (c) Base growth, (d) TEM images o f  single wall carbon 
nanotubes grown with base growth mechanism. Reproduced from Li et al. [S3]. The nanotubes grown 
from discrete nanoparticles (dark dots at the bottom o f  the images) which are sticking on the membrane. 
The scale bars in the figure express 10 nm.
4.4.2 Surface/bulk diffusion of carbon species
There is a major argument about the behaviour o f the earbon species and o f the 
catalyst particles during the CVD process. It is about how the catalysts help the 
separated carbon to form fibrous/tubular structures of carbon filaments. Depending on 
the phase of the metal catalyst, the diffusion of carbon atoms decomposed at the surface 
of catalysts is thought to be varied. Figure 4.10 shows the schematic images o f carbon
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diffusion around the catalyst particles. The melting points of bulk catalyst metals are 
well above those compared to the operating temperature of carbon nanotube growth. For 
example, the melting point of a bulk iron is about 1534°C, and typical operation 
temperature of CNT growth is about 900 - 1000°C. However, if the iron is structured 
in very thin films, less than 100 nm in thiekness, or as nano particles, the melting point 
dramatically decreases as the dimensions become smaller [13]. The small structured 
materials have high surface to volume ratio compared to the bulk structured materials 
Such high ratio of surface atoms, in other words high surface energy, affeets to the 
properties of interior atoms so that the melting temperature of nanopartieles decrease 
with decreasing particle size. Therefore, it is possible that the catalyst particles have 
liquid phase during the growth. In that case, the carbon species, which are decomposed 
from the hydrocarbon at the surfaee o f catalyst, are dissolved into the particles and 
diffuse through the particles to form graphite layer with filament/tubular structures. The 
growth model is a Vapour-Liquid-Solid (VLS) mechanism proposed by Wagner [34]. 
However, bulk diffusion of carbon species through the catalyst particles typically result 
in fomiation of carbon nanofibres, as the structures are shown in Figure 4.8 (a) - (c). On 
the other hand, from the viewpoint of carbon nanotube growth, surface diffusion seems 
to be more favoured to form graphite layers parallel to the fibre axis.
Figure 4.10: Schematic images o f carbon diffusion on the carbon nanotube growth.
In addition, there is another argument about the driving force of carbon diffusion 
and conditions between the carbon atoms and catalyst metals. In the initial period, due to 
the exothermic decomposition of hydrocarbon, it was believed that a temperature
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gradient exists across the catalyst particles, and it results in the diffusion of carbon 
species through the eatalyst particles [35]. However, not all hydrocarbons (e.g. methane) 
decompose with exothermic reactions, yet they still produce carbon fibres/nanotubes. 
Moreover, the thermal gradients in particles of nanometre size seem to be very small due 
to the high thermal conductivities of metals. Therefore, it is physically difficult that the 
diffusion oceurs with such small thermal gradients. Some reports show the value of 
activation energy of the carbon filament growth formed by acetylene and Ni is similar to 
the activation energy for the bulk diffusion of carbon through solid Ni [35-37]. 
Therefore, the rate limiting step in the growth is thought to be the diffusion of carbon 
through the catalyst. In addition, for some fibre growth, the catalyst seems to be still 
solid or at least faceted, beeause graphite layers like to stack or form herringbone like 
struetures along with the faeets of the catalyst particles.
i
Figure 4. IF. TEM images o f a carbon nanotube growing with surface diffusions. Reproducedfrom Helveg 
et al. [38]. The carbon nanotube growth initiates at step edges o f catalyst particles.. The scale bar in the 
figure expresses 5 nm.
Recently, Helveg et al. and Stolojan et al. showed through, in-situ observation 
of carbon nanotube growth and growth reversal that these processes occur via the 
surface diffusion of carbon pieces and estimated the diffusion energy o f the carbon 
atoms on the surface of catalysts [38,39]. Helveg et al. reported a tip growth of carbon 
nanotubes using methane and niekel and the graphene layer grows at the edge o f atomic 
step o f a catalyst particle. As the step moved towards the end of the nickel cluster, the 
graphene sheets grew. According to their estimation of diffusion energy, the carbon
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species need less energy to move compared to the bulk diffusion. In these papers, we 
should note that this growth mechanism is applied only to the tip growth. On the other 
hand, for the base growth, Yarmulke mechanism proposed by Dai et al [40] is also valid. 
This growth model is driven by the high surface energy o f nanoparticles. If  the excess 
carbon is deposited on the catalyst particles, they form a graphene cap on the surface 
with its edges chemisorbed to the metal. The total surface energy decreases because the 
basal planes o f graphite have a low surface energy. By adding further carbon to the 
particles, the catalyst particles lift off the graphene sheet upward. In this case, the 
driving force for the lifting process seems to come from free energy release due to the 
relaxation o f the strain built up in the carbon cap around the spherical surface. Raty et al, 
reported a theoretical study o f the base grown mechanism o f carbon nanotubes [41]. The 
carbon precursor is decomposed at the surface o f catalyst particles and forms a sp^ cap. 
The cap is lifted off with root incorporation. Surface diffusions of carbon species are 
dominated on the growth due to faster processes compared to the diffusions into a 
metallic cluster.
4.5 Summary
The studies of growth methods and growth mechanisms o f carbon nanotubes and 
nanofibres are explained in this chapter. Although such massive efforts had been done to 
develop them, however, it is still difficult to grow carbon nanotubes with a precise 
number o f walls, diameters, chirality, growth position and orientation. In addition, the 
growth conditions are varied depending on the using synthesis system. Therefore, an 
optimisation work is necessary to control the carbon nanotube/nanofibre growth for 
each growth system. Among the various growth methods, TCVD is a candidate for the 
fabrication o f carbon nanotube devices, and methane and hydrogen are widely used to 
grow high quality carbon nanotubes. In this study, a new TCVD system was set up, and 
the optimisation work with the gases is explained in the next chapter together with the 
growth mechanism of the resulting carbon nanotube and nanofibres.
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Chapter 5 Carbon nanotube/nanofibre growth
A new Thermal Chemical Vapour Deposition (TCVD) system produced by 
Lenton was set up in the middle o f 2005 to grow carbon fibres. The first stage o f this 
project was to optimise carbon nanotube growth towards low defects or defect free 
single wall carbon nanotubes which can be used for electronic applications such as field 
effect transistors.
Catalysts are necessary and known as one o f the most important parameters to 
grow the carbon nanotubes, especially when using the CVD method. The size and 
density o f the catalyst particles typically determine the diameters and densities of 
carbon nanotubes, respectively [1-4]. In this project, sputtered metal films were used as 
catalysts because o f the ease of deposition and to modification using sputtering, 
photolithography and the Focused Ion Beam. The easiness o f the modification is 
effective especially in the use of applications such as electronic devices. The 
thicknesses were controlled by the deposition times as the deposition rates of the films 
were previously estimated by using AFM. As a first step of the fibre growth, nickel 
films were chosen and used as the catalysts because o f the experience of carbon 
nanotube growth using the plasma enhanced-CVD which was studied by senior 
colleagues in our group [5]. Optimisation work was carried out by changing the catalyst 
thickness, the interlayer thickness and composition, the pre-treatment time, growth 
temperature and the pressure. In addition to the optimisation o f growth conditions, an 
extension nozzle was attached inside the furnace which changed the partial pressures of 
the reaction gas around the catalysts. Although all these parameters were investigated 
extensively, only amorphous carbon fibres were obtained with the nickel catalysts. 
Therefore, iron and molybdenum films were employed as catalysts because they were
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widely used for the growth o f narrow diameter multi wall or single wall carbon 
nanotubes [4,6-9]. Carbon nanotubes were finally grown when changing the catalyst 
and further optimisation works was carried out. Due to such progress o f this study, the 
experimental results shown in the following sections are basically separated into two 
parts. One is for amorphous carbon nanofibre growth with the nickel catalyst. Another 
part is for carbon nanotube/nanofibre growth using iron as catalysts.
Section 5.1 is an overview o f the TCVD system used in this study. The 
experimental work with nickel as a catalyst is shown in section 5.2. Nanotube growth 
using iron and molybdenum as catalysts are explained in section 5.3. Finally the 
summary o f the growth work is described in section 5.4. Please note the word “carbon 
fibres” was used to describe fibrous materials which include both carbon nanotubes and 
amorphous carbon nanofibres.
5.1 Details of the newly introduced TCVD system
In this section, the structure and the functions o f the TVD system used in this 
project are explained. There are two variations o f the growth method using this 
deposition system. One is a basic mode which is the CVD system used as original 
design. Another one is the CVD system used with an extension nozzle attached. In this 
arrangement, one metal pipe was connected to extend the injection point o f the reaction 
gases close to the samples. The addition of the metal pipe resulted in the great changes 
of the grown materials due to the increase o f the partial pressure near the substrates.
The system structure with the basic design was firstly explained in 5.1.1. 
Secondly, in section 5.1.2, the system with an attachment was shown with an 
explanation o f the influence on the growth conditions. Please note that, in the following 
sections, growth carried out using the extension nozzle as mentioned in the section title. 
Where the extension nozzle is not mentioned in the section title, the growth was carried 
out in the basic arrangement.
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5.1.1 TCVD system as an original design
Figure 5.1 shows a photograph o f the newly installed TCVD system and a 
schematic image of the furnace of the system. Four kinds o f gases such as methane, 
hydrogen, helium and nitrogen are available to inject into the furnace. A gas line layout 
o f the system was illustrated in Figure 4.3. The methane, hydrogen and helium gas 
flows are digitally controlled by Mass Flow Controllers (MFCs) and mixed before 
introduction to the furnace. Maximum flows limited by the MFCs for each gas are 250 
seem for methane, 100 seem for hydrogen and 1000 seem for helium. Figure 5.1 (b) 
shows a schematic image o f a cross-sectional view o f the furnace. A 3 inch diameter, 1 
m long quartz tube is placed at the top middle o f the TCVD system. The quartz tube is 
surrounded by a heater which can heat it up to 1200°C. A thermocouple is placed 
beneath the furnace. The mixed gases are introduced through the right hand side metal 
pipe and flow into the quartz tube. The heat generated by the heater and catalysts on the 
substrates induce the decomposition and chemical reactions o f the gases. Waste gases 
are exhausted through the gas outlet placed at the left hand side o f the quartz tube. 
Metal plates are placed in the quartz tube near the flanges to reflect the heat toward the 
middle of the quartz tube. The reflections result in the reducing o f the heat distribution 
at the middle o f quartz tube and avoiding the heating up o f the flanges which include o- 
rings. The temperature distribution inside the chamber measured by the product 
company was about ±20°C at 10 cm regions at the centre o f quartz tube
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(a)
(b) Quartz tube 
Gas outlet
Sample
Gas inletHeater
Flanges with o-rings
Heat reflection plates
Figure 5J: (a) Photograph and (b) Cross-sectional diagram o f a TCVD furnace used in this study. A 
mixture gas o f methane, hydrogene, helium and nytrogene was injected from the right hand side gas line, 
and exausted to the left hand side gas line. The heater enable to heat up the quatz tube up to 1200°C. 
There are metal plates placed near the both ends o f quatz tube to reduce a distribution o f heat at the 
middle o f  the quartz tube and to avoid the excess heating up o f flange which possibly results in 
degreations o f o-rings in the franges.
5.1.2 TCVD system with an extension nozzle
As one of the optimisation processes, a stainless steel metal pipe which is 
normally used for the typical gas line system was attached to extend the injection point 
of the gas close to the samples. Figure 5.2 shows the schematic image o f the attached 
nozzle to the furnace, depicted as red line in Figure 5.2 (a). The gas flow changes 
induced by the extension nozzle are as shown in Figure 5.2 (b) and (c). Gases such as 
methane and hydrogen were initially introduced into the furnace from a point about 50 
cm away from the samples as depicted in Figure 5.1. The concentration of the gases was
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uniform by the time the gases are arrived at the substrates as depicted in Figure 5.2 (b). 
On the other hand, when the extension nozzle was attached to the tube, the gas was 
introduced from 2 ~ 3 cm away from the samples. The extension o f the nozzle enables 
the spraying of the gases on to the samples which results in the higher partial pressure 
and flow speed o f the gas as shown in Figure 5.2 (c).
Gas outlet Gas inlet
Extension nozzleSamples
Gas flows
Without Extension nozzle With Extension nozzle
Figure 5.2: Schematic images o f  (a) furnace with an extension nozzle and gas flow  in the quartz tube 
around the samples (b) without and (c) with the extension nozzle. An extension nozzle was attached as 
depicted as red line the figure (a). The extension nozzle possibly enables to spray the gas on the sample 
as shown in the figure (c) while no extension nozzle results in the parallel gas flow to the quartz tube as 
shown in the figure (b).
5.2 Amorphous carbon fibre growth using nickel catalysts
In this section, the optimisation work for carbon fibre growth with niekel 
catalyst and variations of the growth conditions are explained. As parameters for 
optimisation, the catalyst thickness, the interlayer thickness and material, the pre­
treatment time, the pressure and the temperature were modified. In addition, the effects
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of the extension nozzle were shown, and the growth mechanism of the carbon fibres 
was discussed.
5.2.1 The influence of the Ni film thickness & interlayer
The thickness o f nickel films was varied across the following values: 1.5 nm, 3.0 
nm, 4.5 nm and 10 nm. As an interlayer, 25 nm aluminium film was used beneath the 
nickel catalyst films. Figure 5.3 shows SEM images o f carbon fibres grown as a 
function o f the thickness o f the nickel catalyst films. The yields o f carbon fibres 
increased while the diameters o f carbon fibres decreased as the initial nickel thickness 
decreased. Thinner nickel films result in carbon nanotubes that are longer and thinner, 
as expected (see chapter 4 Chhowalla et al. Figure 4.5). Figure 5.4 shows SEM images 
of carbon fibres grown with same deposition condition o f the carbon fibres shown in 
Figure 5.3 while the interlayer was changed to a silicon oxide. Compared to the growth 
with aluminium interlayer, similar growth dependencies were obtained, although thicker 
carbon fibres appeared when 10 nm nickel film was used. When the 4.5 nm and 10 nm 
nickel catalyst films were used, the particles were clearly observed at the tips o f the 
carbon fibres. In addition, the particles appear to be coated with transparent materials 
which indicated that a tip growth mechanism took place. As the thickness o f nickel 
catalyst film was decreased, the particle size also decreased correspondingly. It is 
considered that the thickness o f initial nickel catalyst film determines the size and the 
density o f catalyst particles formed during the annealing as Chhowalla et al. reported 
(see chapter 4).
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Figure 5.3: The effect o f catalyst thickness. Ni catalyst thickness: (a) 10 nm, (b) 4.5 nm, (c) 3 nm, and (d) 
1.5 nm. Deposition conditions: Ho pre-treatment time: 60 minutes; CHy. 100 seem; Ho: 10 seem; 
Temperature: 900 V ; Pressure: 100 mbar; Growth time: 30 minute; Interlayer: 25 nm AI film. Small 
diameter carbon fibres were obtained with all substrates although thinner catalyst thickness resulted in 
the higher densities o f the fibre growth.
The diameter of carbon fibres typiealiy depends on the size of the catalyst 
particles, which in turn depends on the thickness of the metal films before annealing [1- 
4]. The aluminium interlayer inhibits the coalescence of nickel islands such that the 
nickel catalyst size remains small. As a result o f the observations, we continued our 
experiment mainly using 1.5 nm and 3.0 nm nickel films to grow carbon fibres, with the 
ultimate goal of obtaining single wall earbon nanotubes or multi wall carbon nanotube 
with small diameters.
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Figure 5.4: The effect o f  catalyst thickness: Ni catalyst thickness: (a) 10 nm, (b) 4.5 nm, (c) 3 nm, and (d) 
1.5 nm: with 100 nm SiOo interlayer. (Deposition condition: H2  pre-treatment time: 60mins; CH y 100 
seem; H2 : 10 seem; Temperature: 9 0 0 ‘C; Pressure: 100 mbar; Growth time: 30 minutes.) Fibrous 
structures were obtained with all substrates. However, the variations o f  the diameters were larger than 
the fibres grown with aluminium interlayers. The yields o f the fibre were smaller than the fibres grown 
with the aluminium interlayer.
An interlayer is normally used to enhance the carbon nanotubes growth using 
thermal ehemical vapour deposition, and two effects are typiealiy attributed to it. One of 
them is to keep the catalyst particle size small. Aluminium has a lower melting 
temperature compared to the silieon or silicon oxide. Especially when its size is smaller 
than 100 nm, the melting point is dramatically decreased [6 ]. This low melting point
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possibly results in the smaller size o f catalyst particles at the surface of small aluminium 
particles. The catalyst films on the interlayer break into small particles which aggregate 
during the annealing process [7]. However, the melted aluminium prevents the 
formation o f large particles by sinking the generated catalyst particles into the 
aluminium films and by the formation o f aluminium oxide [7].
Another effect o f the interlayer is to stop the inter-diffusion of the catalyst 
materials and the silicon. When the catalyst metals are directly deposited on the silicon 
wafer and heated up for the carbon nanotube growth, they turn to silicide as a result o f a 
chemical reaction with the silicon wafer [2,8]. Such changes in the catalysts cause the 
lower efficiencies for growing carbon nanotubes compare to those o f pure catalyst 
materials. Nickel has a lower diffusion temperature (450°C) into silicon compared to the 
other catalyst metals such as Fe and Co (~700°C) [2]. The aluminium interlayer keeps 
the catalyst active compared to SiO], therefore, a higher density is obtained especially 
with thinner catalyst films.
To further reveal the effects of the interlayer, we tested four kinds o f interlayer, 
10 nm and 25 nm aluminium films, 10 nm chromium films and 100 nm silicon oxide 
films. As additional functions of interlayer, the chromium interlayer and the silicon 
oxide interlayer were offered for the use as the contact material between carbon 
nanotubes and electrodes for the devices and as gate insulating layer for field effect 
transistors respectively.
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Figure 5.5: Effect o f interlayer. Substrates: 3 nm Ni film s with interlayer o f (a) 15 nm A l film, (b) 25 nm 
Al film, (c) 10 nm Cr film, and (d) 100 nm SiO^film. (Deposition conditions: H2  pre-treatment time: 60 
minutes; CHy 100 seem; H2 : 10 seem; Temperature: 900X1; Pressure: 100 mbar; Growth time: 30 
minutes.) Carbon fibre growth with high yields was obtained with A l and SiOx interlayer whilst the Cr 
interlayer resulted in the growth with lower yield  and thick diameters
Figure 5.5 shows the SEM images of the carbon fibres grown with varied 
interlayer. The interlayer of eaeh image are as follows, 15 nm of aluminium film (Figure 
5.5 (a)), 25 nm of aluminium film (Figure 5.5 (b)), 10 nm of chromium film (Figure 5.5 
(c)), and 100 nm of silicon oxide film (Figure 5.5 (d)). All substrates were eovered with 
3 nm of the nickel catalyst films on the top of the interlayer before the carbon fibre 
growth. Depending on the materials and the thicknesses of the interlayer, the densities
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and the diameters o f the carbon fibres and the size o f particles on the surface of 
substrates can vary. Compared to Figure 5.5 (a) and (b), the 25 nm of aluminium 
interlayer was more effective for the synthesis o f carbon fibres than the 15 nm of 
aluminium interlayer. The density o f carbon fibres shown in Figure 5.5 (b) was greater 
than that shown in Figure 5.5 (a). The substrate using chromium shown in Figure 5.5 (c) 
had thick particles and large diameter carbon fibres with a low density. Similar growth 
of carbon fibres were obtained with the aluminium and silicon oxide interlayer, 
although the aluminium interlayer resulted in better yields.
Similar dependencies were also observed when the 1.5 nm of nickel catalyst 
film was used. The aluminium interlayer was the most effective for growing thin 
diameter carbon nanofibres in these three materials. According to some reports, during 
increasing temperature and hydrogen pre-treatment time, the aluminium film appears to 
melts and transforms into alumina by reacting with residual oxygen in the chamber [7]. 
The alumina keeps the catalyst particles with small diameters by suppressing the 
agglomeration of nickel catalyst particles. Lacerda et al. showed that a thin aluminium 
interlayer enhances the yield o f carbon nanotube growth [7]. Furthermore, Kukovecz et 
al. found nickel on alumina is very active where as nickel on silicon oxide is poorly 
active [9]. Similar effects could be seen in this carbon fibre growth. However, 25 nm of 
aluminium interlayer was more effective than 15 nm of aluminium interlayer. Further 
optimisation on the aluminium thickness is needed to find to grow carbon 
nanotubes/nanofibres with better yields.
With a chromium interlayer, we obtained carbon fibres o f much larger 
diameters (-100 nm) compared to those grown on aluminium interlayers. Because 
chromium has a higher melting point (1903°C) than aluminium (660°C), the chromium 
did not inhibit the aggregation o f the catalysts. The silicon oxide interlayer resulted in 
the growth o f carbon nanofibres with similar diameter as aluminium, but lower density. 
This suggests that whilst chromium enhances the aggregation o f catalysts into large 
islands, silicon oxide inhibits it, but it also inhibit the growth of carbon fibres compared 
to aluminium. Table 5.1 shows the summary o f the materials grown with variations of 
nickel catalyst film thickness and interlaye
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Table 5.1: Summary o f  materials grown with varied catalyst film  thickness and interlayer
Ni Catalyst Interlayer
Thin Thick 15 nm Al 25 nm Al 10 nm Cr
100 nm 
SiOi
Yields High Low High Very High Very Low Low
Diameter Thin Thin Thin Thin Thick Thin
5.2.2 The influence of interlayer with extension nozzle
Figure 5.6 shows the SEM images o f the carbon fibres which were deposited 
using the extension nozzle. We investigated the same interlayers as in Figure 5.5; 15 nm 
of aluminium film (Figure 5.6 (a)), 25 nm of aluminium film (Figure 5.6 (b)), 10 nm of 
chromium film (Figure 5.6 (c)) and 100 nm of silicon oxide film (Figure 5.6 (d)). The 
deposition conditions for the carbon fibres were 100 mbar o f growth pressure, 900°C o f 
growth temperature, 100 seem flow o f methane gas, and 30 seem flow of hydrogen gas.
Introduction o f the extension nozzle resulted in increased densities o f fibres. 
However, compared with the carbon fibres deposited with similar deposition conditions 
but without using the extension nozzle as shown in Figure 5.5, the shape o f the carbon 
fibres are curlier and thicker. Furthermore, almost no carbon fibres were obtained using 
the chromium interlayer.
When the extension nozzle was used, the gas was injected locally as illustrated in 
Figure 5.2 (c). Therefore, the gases had a large pressure gradient near the tip o f the 
extension nozzle and around the substrates. Higher pressures o f the gases resulted in a 
larger amount o f carbon species arriving at the samples, resulting in nanofibres with 
thicker diameters. In addition, due to the excess carbon source provided on the surface o f 
catalysts, carbon atoms formed fibrous structure without graphitisation. The carbon did 
not have enough energy or time to form graphite structures. Therefore, the fibres have 
poor crystallinity, resulting in the curly structures seen.
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Figure 5.6: Effects o f interlayer with extension nozzle. As interlayer: (a) 15 nm Al film, (b) 25 nm A l film, 
(c) 10 nm Cr film and, (d) 10 0 nm S1 O2  film  were used. (Deposition condition: growth pressure: 100 
mbar; CHy. 100 seem; H2 : 30 seem; Temperature: 9 0 0 X ; Growth time: 30 minutes; Catalyst: 1.5nm 
nickel film. The white bar is 400 nm long). The yields o f  carbon fibres were increased by the extension 
nozzle apart from the growth with the chromium interlayer. The obtained fibres had thick and curly 
structures, suggesting higher local process pressures.
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5.2.3 The effects of catalyst pre-treatment
During the early period o f this optimisation, carbon fibres were not grown 
uniformly, but densely only on some small areas o f the substrates. We considered the 
potentials o f catalyst films were not utilised fully because o f contamination or the 
formation o f some oxide or carbide phases on their surface. Therefore, we tried to 
activate the catalyst films by introducing hydrogen gas at high temperature before the 
methane gas was introduced. We termed the process as “pre-treatment” in this study.
SEM images in Figure 5.7 show the substrate on which carbon fibre growth as 
carried out as a function o f the hydrogen treatment time, for 5 minutes (Figure 5.7 (a)), 
30 minutes (Figure 5.7 (b)) and 60 minutes (Figure 5.7(c)). In this study, a 1.5 nm thick 
nickel film and 25 nm aluminium film were used as catalysts and interlayer, 
respectively. The other deposition conditions for the carbon fibre growth were 100 seem 
methane, 10 seem hydrogen, 900°C growth temperature, 100 mbar growth pressure, and 
30 minutes growth time.
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Figure 5.7: Effect o f hydrogen pre-treatment time. The pre-treatment time: (a) Sminutes, (b) SOminiites, 
and (c) ôOminiites. (pre-treatment condictions: H2  flow: 100 seem; pressure: 100 mbar; temperature: 
900 °C. deposition condition:, pressure: lOOmbar; CH^flow: lOOsccm; H2  flow: lOsccm; temperature: 
900 °C; fo r  30minutes. Substrates: l.Snm o f nickel layer with 25nm o f  aluminium interlayer on the silicon 
wafer.) The yields o f carbon fibres were clearly improved after 30 minutes o f pre-annealing with 
hydrogen atmosphere. In addition, the length o f carbon fibres became longer with the pre-treatment.
According to the SEM analysis of the substrates as shown in Figure 5.7 (a), two 
regions were observed, a bright area and a dark area. The differences observed in the 
contrast indicate the difference of the compositions on the surface which translate into 
changes in the secondary electron generation properties of the surfaces. The fibrous 
materials were observed only within and around the dark regions. As the hydrogen 
treatment time increased, the density of carbon nanotubes increased and the carbon
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fibres became longer and straighter (see Figure 5.7 (b) and Figure 5.7 (c)). This 
indicates the reductions of the catalyst lead to higher crystallinity o f carbon fibres. 
Reduced catalysts have higher activities, which result in the high decomposition rate of 
carbon precursors at the surface and a reduction o f hydrogen atoms which terminate the 
carbon bonds; consequently the formation o f sp^ structures is reduced. Furthermore, the 
growth on the substrate becomes more homogeneous (as compared to the contrast 
variations in Figure 5.7 (a)). Fiowever this clear improvement in growth uniformity was 
observed only when the aluminium interlayer was used for the carbon fibres growth.
As the hydrogen pre-treatment time increased, the surface structures changed 
from the particles to the fibres. It is clear that the hydrogen pre-treatment is critical for 
the high yield synthesis of carbon fibres. The possible effect o f the hydrogen pre­
treatment is the activation o f the surface by de-oxidisation of the nickel particles [10]. 
However, the effects of hydrogen pre-treatment were different depending on the 
interlayer. The growth on the substrate on which a silicon oxide layer was formed was 
more homogeneous and small particles could be seen across the whole area o f the 
substrate. This suggests that there is a specific interaction between nickel and the 
aluminium interlayer which changes the growth clearly when varying the pre-treatment 
time. One of possible reasons is the higher activation energy of nickel catalysts with a 
combination o f the aluminium interlayer [9]. The nickel/aluminium films have a strong 
interaction which results in a difficulty o f de-oxidation from nickel oxide and 
formations o f large catalyst particles [9]. The aluminium interlayer melted during the 
pre-treatment and formed aluminium oxide particle reacted with residential oxygen in 
the system. Such formations of the aluminium particles resulted in a prevention o f 
nickel particle movements, and consequently, nickel films formed smaller particle 
structures at the surface o f the aluminium particles. On the other hand, the nickel films 
with other interlayer resulted in the larger particles due to the lower interaction between 
the nickel and interlayer films. Therefore, the nickel catalyst with other interlayer had 
lower reactivity did not shown a significant difference with the variation o f pre­
treatment time. Due to the high reactivity of nickel catalyst on aluminium interlayer, the 
changes in the growth occurred dramatically by the deference o f pre-annealing time. It
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is concluded that the annealing with hydrogen is very effective for the better yields of 
carbon fibre growth. Table 5.2 shows the summary of the materials grown with nickel 
and aluminium film combinations and varied pretreatment time and possible effects on 
the catalysts.
Table 5.2: Summary o f  materials grown with nickel/aluminium layer and varied pre-treatment time
Pre-treatment time Long <-------------------- ► Short
Catalyst acitvation High <-------------  ► Low
Growth yields High <---- ----------------► Low
5.2.4 The influence of process pressure with & without extension nozzle
To optimise the carbon fibres growth, the growth pressure was varied in steps 
from 50 to 500 mbar. The pressure in the furnace was controlled by a valve which is 
located at the exhaust line of the system. When the valve was closed, the pressure 
increased as less gases were exhausted. Figure 5.8 shows the SEM image o f the 
substrates on which carbon fibres were grown under different pressure. The 1.5 nm 
thick nickel layer on 25 nm aluminium interlayer on silicon wafer was used as a 
substrate. No fibrous structures were found on the substrate at 50 mbar growth pressure, 
(Figure 5.8 (a)). However, when the growth pressure was 100 mbar and 500 mbar, the 
carbon fibres were observed as shown in Figure 5.8 (b) and (c). The diameter o f each 
fibre seemed to become thicker as the pressure was increased. When the pressure was 
500 mbar, the diameter o f carbon fibres averaged about 80 nm.
The same pressure dependence was observed even when other types of 
interlayers were used for the substrates. Carbon fibres grew only at process pressure of 
100 mbar and 500 mbar. Likewise, the diameter o f carbon fibres increases, when the 
pressure was 500 mbar.
This suggests that increase o f the total pressure results in the increase o f the 
concentration o f reaction products as well as their resident time. If the growth pressure 
is not high enough, in other words, if the resident time is too short, the carbon deposit 
does not have time to form fibrous structure. When the resident time exceeds a certain
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value, carbon fibres start to grow and they grow thicker as the pressure increases [ 11]. 
However, an increase in the reaction products also caused an increased yield of 
amorphous carbon which encapsulated the catalyst particles [12].
Figure 5.8: Effects o f growth pressure. Growth pressure: (a) 50 mbar, (b) 100 mbar and (c) 500 mbar. 
(Other deposition conditions: CHp 100 seem; Flo: 10 seem; Temperature: 9 0 0 ‘C; Growth time: 
30minutes. Substrate: 1.5 nm o f nickel layer on 2 5 nm aluminium interlayer/silicon wafer.) The white 
scale bar is 500 nm long. The yields o f carbon fibres improved as the pressure increased from 50 to 100 
mbar, and the diameters o f the fibres increased as the pressure increased from 100 to 500 mbar.
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4
Figure 5.9: Effects o f growth pressure using the extension nozzle. Process pressure: (a) 2 mbar, (b) 20 
mbar, (c) 50 mbar, and (d) 100 mbar. (Other deposition condition: CHp lOOsccm; H2 : 30 seem; 
Temperature: 900X1; Growth time: 30 minutes. Substrate is 1.5 nm Ni catalyst film  on 15 nm Al 
interlayer/Si wafer.) No clear dependency o f the fibre growth on growth pressure was observed in this 
case. Curly fibres were grown at all growth pressures.
Figure 5.9 shows the SEM images of the carbon fibres which were grown at 
pressures of 2 mbar (Figure 5.9 (a)), 20 mbar (Figure 5.9 (b)), 50 mbar (Figure 5.9 (c)) 
and 100 mbar (Figure 5.9 (d)) using the extension nozzle. Similar to the no nozzle case, 
the pressure was the overall process pressure, controlled by the exhaust valve. 
Compared with the results shown in Figure 5.8, a similar pressure dependenee o f the 
carbon fibres structures was not observed. There was almost no change in the struetures
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of the grown materials by the change o f the growth pressures, although the pressures 
used in this experiment were less than the pressure o f 100 mbar which shows a dramatic 
increase in the yields and the diameters in the absence of the extension nozzle as shown 
in Figure 5.8 (a) and (b). The pressure gauge for the furnace chamber was placed in the 
exhaust line near the quartz tube. Therefore, the pressure value measured with the 
extension nozzle is not accurate at around the sample because o f the much shorter 
distance between the tip o f the extension nozzle and substrates. Partial pressures near 
the substrates are likely to be higher than the measured value and do not vary 
significantly with the pressure controlling method used without extension nozzle. This 
explains why no change in the fibre diameters was observed when changing the process 
pressure. The effects of the extension nozzle on the materials grown with a variation o f 
growth pressure was summarised in Table 5.3
Table 5.3: summary o f  materials grown with variation o f  pressure and extension nozzle
Pressure Low *4- High
Without extension 
nozzle
Partial
pressure
Yields
Diameters
Low <- High
Low High
Thin Thick
With extension 
nozzle
Partial
pressure
Yields
Diameters
High
High
Thick
5.2.5 The effects of process temperature
Growth as a function of temperature was carried out at the following deposition 
conditions:
Substrate
• Catalyst: 1.5 nm nickel
• Interlayer: 15 nm aluminium 
Pre-treatment
• Annealing temperature: 900°C
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•  Gas: 100 sccm hydrogen
• Pressure: 100 mbar
• Duration: 60 minutes
Growth condition
• Growth temperature: 900°C, 950°C and 1000°C
• Gas: 10 sccm hydrogen and 100 sccm methane
• Pressure: 100 mbar
• Duration: 30 minutes
The growth temperature was digitally controlled by the controller with the 
thermocouple placed under the furnace.
Figure 5.10 shows the effect o f temperature variation on carbon fibre growth. 
Compared to the structures o f the carbon fibres grown at 900°C, the density and 
diameter o f carbon fibres increased as the temperature increased to 950°C. However, 
when carbon fibres were synthesised at 1000°C, the fibres were very thick and shaped 
more like particles. After the growth process at 1000°C finished, the interior o f quartz 
chamber was covered by black soot while such depositions were not observed when the 
growth temperature was below 950°C. According to Shah et al., the methane gas starts 
to decompose at 900°C [13]. At temperatures below 950°C, the decomposition of 
methane is mostly catalyst assisted, whilst at 1000°C the thermal decomposition of 
methane becomes dominant, such that carbon deposits on all surfaces. The rate of 
arrival o f carbon species is high, resulting in very thick fibres. This shows that the 
catalytic decomposition of the gas is required for the growth o f good quality carbon 
nanotubes. If  decomposed gas is provided, the pressure must be severely reduced.
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Figure 5.10: Growth as a function offurnace temperature: (a) 900°C, (b) 950°C and (c) 1000°C. (Other 
deposition conditions: Pressure: 100 mbar; CHp 100 sccm; H2 : 10 sccni; Growth time: 30 minutes. 
Substrate: 1.5 nm Ni catalyst layer on 25 nm Al interlayer/Si wafer. The white scale is 500 nm long.) The 
diameter and density o f carbon fibres increased as the growth temperature increased. The length o f  the 
carbon fibres increased when the growth temperature increased from 900°C to 950°C. However, it 
decreased when the temperature increasedfurther to 1000°C.
Similar temperature dependencies were also observed using the other kinds of 
interlayer; 15 nm and 25 nm of aluminium interlayer (Figure 5.11 (a) and (b)), 10 nm of 
chromium interlayer (Figure 5.11 (c)), and 100 nm of silieon oxide interlayer (Figure
5.11 (d)). The maximum yield of the carbon fibres were obtained at 950°C for all types 
of interlayer. Furthermore, carbon fibres became longer, thicker and straighter. Some
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papers showed that higher temperatures are effective especially for the growth o f single 
wall carbon nanotubes [14]. Higher temperatures result in a higher activity o f the 
catalyst and easier decomposition o f carbon precursors. More energy is available for the 
diffusion o f the carbon into the catalyst particles and for the subsequent growth o f the 
fibres. However, higher temperatures also lead to larger sizes o f catalyst particles [15], 
as well as to carbon fibres with thicker diameters. When the deposition temperature 
became 1000°C, the structures became spherical as previously shown in Figure 5.10 (c). 
The substrates were covered with 100 to 200 nm diameter spherical particles which 
seemed to be covered by carbon soot. We concluded that when the growth temperature 
was above 950°C, the effects o f catalytic reactions were less dominant for the 
deposition and thermal decomposition was the main process. Therefore, for the growth 
o f carbon nanotubes, temperatures below 950°C seem to be favourable. In addition, a 
fine balance o f the pressure and the gas ratio is necessary.
One more thing we have to know is that the chromium interlayer resulted in a 
thicker fibre growth compared to the fibres grown on aluminium and silicon oxide. This 
large diameter with chromium interlayer was also observed as shown in Figure 5.5 (c). 
We concluded that the chromium interlayer does not inhibit the aggregation o f catalyst 
particles.
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A
Figure 5.1 F. The effect o f  growth temperature with different interlayer. Interlayer: (a) 15 nm A l film, (b) 
25 nm Al film, (c) 10 nm Cr film and (d) 100 nm Silicon oxide film. (Other deposition conditions: 
temperature: 95 0 X ; Pressure: 100 mbar; CHy. 100 sccm; /A; 10 sccm; Growth time: 30 minutes. The 
white scale bar is 500 nm long.) High yields o f carbon fibres were obtained at 950°C with all kinds o f  
interlayer. The fibres grown with chromium interlayer had thickener structures, suggesting that the 
catalyst forms larger diameter particles on chromium than on other interlayers, similar to Figure 5.5 (c).
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5.2.6 High temperature growth with the extension nozzle
Figure 5.12: Effect o f growth temperature with extension nozzle. Substrate: 1.5 nm Ni film  on (a) 15 nm 
Al interlayer, (b) 25 nm Al interlayer, (c) 25 nm Cr interlayer, and (d) 100 nm SiÜ2  interlayer. (Other 
deposition conditions: H2  pre-treatment: 60 minutes; CHy 50 sccm; H2 ' 5 sccm; Temperature: 950 V ; 
Pressure: 100 mbar; Growth time: 30 minutes.) Long straight carbon fibres were obtained from the 
substrates with aluminium and silicon oxide interlayer. The bright dots are due to the presence o f catalyst 
particles at the tips o f carbon nanofibres. The substrate with chromium interlayer shows almost no 
growth o f fibrous materials but particle shapes combined into large deposits
Carbon fibre growth at 950°C using the extension nozzle was carried out. Figure
5.12 shows the SEM images of the carbon fibres grown with 1.5 nm nickel catalyst and 
varied interlayer like 15 nm Al film (Figure 5.12 (a)), 25 nm Al film (Figure 5.12 (b)), 
25 nm Cr film (Figure 5.12 (c)) and 100 nm SiO] film (Figure 5.12 (d)). Compared to 
the grown materials shown the seetion 5.1.2 and the section 5.2.2, the yield of carbon
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fibres became higher, and the fibres became longer when the growth temperature was 
950°C and when the extension nozzle was used. However, the yield o f carbon fibres 
deposited using the chromium interlayer was small compared to similar samples grown 
without the extension nozzle, shown in Figure 5.12 (e). It shows that carbon arrived too 
fast for carbon fibre formation, suggesting that nickel on chromium is less active 
eompared to the nickel on aluminium or silicon oxide.
Figure 5.13: Cross-sectional SEM image o f the carbon fibres grown using extension nozzle. Substrate: 
1.5 nm Ni catalyst film s on (a), (b) 15 nm Al and (c) 100 nm SiÜ2  interlayer. (Other deposition conditions: 
H2  pre-treatment: 60 minutes; CHy 50 sccm; FI2 : 5 sccm; Temperature: 950 X ; Pressure: 100 mbar; 
Growth time: 30 minutes.) Vertically aligned carbon fibres were observed from the substrates with 
aluminium and silicon oxide interlayer. The length o f the fibre was more than 10 pm fo r  the substrate 
with aluminium interlayer and about 5 pm fo r the substrate with silicon oxide interlayer. Bright dots were 
observed at their tips which suggesting tip growth mechanism.
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Figure 5.13 are SEM images with the substrates tilted at an angle, showing 
vertically standing carbon fibres produced at 950°C using the extension nozzle. The 
lengths o f the carbon fibres exceeded 10 pm for the aluminium interlayer, as depicted in 
Figure 5.13 (a) and (b). Figure 5.13 (c) shows the fibres grown with the silicon oxide 
interlayer, and their length was shorter, o f about 5 pm. The difference o f the length 
depending on the interlayer supports the observation that the nickel catalysts on 
aluminium interlayer is more effective at growing long and straight fibrous materials, as 
shown in the section 5.2.1 and 5.2.2. The differences were indueed by the variation of 
the catalyst activities. Due to the interaction with the interlayer, the nickel on the 
aluminium interlayer was more active than those on silicon oxide [9]. Furthermore, they 
had large and bright particles at their tips as shown in Figure 5.13 (b). The particles 
suggest that the carbon fibres were produced with the tip growth mechanism. According 
to the SEM image, the fibres close to the substrate look thinner and curly compared to 
the structures of fibres near the tips. The difference in the structures depending on the 
distance from the substrates might be suggesting a specific growth mechanism of the 
carbon fibres. For example, the fibres had thin diameter when they are detached from 
the substrates however, as they grew up, the fibres were combined with neighbouring 
fibres. The catalyst became bigger and thicker fibres were appeared at near the tips. The 
coalescence of the catalyst particles is suggesting the catalyst is in a liquid phase during 
growth, because the particles observed by TEM appear homogenous, as opposed to 
clusters. In addition, the fibres kept growing even after the catalyst lifted off from the 
substrates, suggesting that the interlayer contributes chemically only in the initial 
nucléation stage o f the carbon fibres; this may explain why the tubes appear more 
defective (curly) near the substrate but then straighten out as they grow. The structural 
characteristics o f carbon fibres such as lengths and shapes are determined in the initial 
growth regime from when the catalyst films change to particle structures and until they 
separate from the substrates. During that time, the reactivity and the diameter o f catalyst 
particles vary depending on the interlayer, and then the properties o f catalyst dominate 
the resulting structures of carbon fibres.
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It can be concluded that attaching the extension nozzle for the carbon fibre 
deposition was effective in terms o f growth yield except when the carbon fibres were 
grown using the chromium interlayer. The carbon fibres became straighter and longer 
than those deposited without the extension nozzle. When the deposition was carried out 
at 950°C growth temperature and 100 mbar total pressure, more than 10 |xm long carbon 
fibres were obtained with the nickel catalyst on the aluminium interlayer. The fibres 
were vertically aligned and the shapes o f carbon fibres varied depending on the distance 
from the substrate. The mechanism o f growing fibres appeared to be tip growth due to 
the existence o f large and bright particles on their tips. Table 5.4 shows the summary of 
materials grown with varied growth temperatures and possible effects on gas reactions 
and catalyst activities
Table 5.4: Summary o f  materials grown with varied temperature
Growth temperature Low ^ ------------------ ► High
Decomposition rate Low 4 ------------------ ► High
Catalyst activity Low <------------------ ► High
Yields Low <------------------ ► High
Diameters Thin < ............ ► Thick
5.2.7 Structural observations of carbon fibres grown with the extension nozzle
To obtain further information about the structure o f the carbon fibres, TEM 
observations were carried out. The carbon fibres measured by the TEM were 
synthesised using the extension nozzle and the silicon wafers on which 15 nm of 
aluminium interlayer and 1.5 nm nickel catalyst film were deposited. The deposition 
condition o f the carbon fibres was as follows; 50 sccm of methane, 5 sccm of hydrogen, 
growth temperature o f 950°C, 100 mbar of growth pressure and 30 minutes of growth 
time. For the TEM analysis, the samples were immersed into the methanol, and 
sonicated for 5 minutes. Then the solution was deposited on the TEM grid using a 
pipette. After drying, the grid was placed in the TEM.
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Figure 5.14 shows the TEM images of the carbon fibres and their tips. The 
diameter of typical carbon fibres was about 20 -30 nm. The layered structures were not 
observed in the carbon fibres (see Figure 5.14 (a)), showing that the carbon fibres have 
an amorphous structure. Figure 5.14 (b) and (c) depict the TEM images o f the entire tip 
particle and its surface. Most o f the tips of the carbon fibres contain particles with 
diameters larger than the diameter o f the carbon fibre suggesting carbon has came out o f 
the catalyst as opposed to on the surface (i.e. volume-driven diffusion). The particles 
were nickel catalysts with polycrystalline structures. Furthermore, layered structures 
were observed at the surface of the particles. The structures were graphitic fringes 
which were possibly formed by the catalytic reactions of nickel particles or carbon 
expelled from the catalyst when stopping growth. Similar particles were also seen in the 
cross sectional SEM images as bright spots at the tips of the carbon fibres, (Figure 5.12
(a) and Figure 5.13 (b)). The basic mechanism of catalytic growth of single wall carbon 
nanotubes has been discussed in a theoretical and physical way [9,16-23]. However, it 
still lags behinds the synthesis. The particle size (catalyst materials) was focused on one 
of the key parameters o f carbon nanotube growth, because it strongly affected the 
diameter of carbon nanotubes [1-4]. The typical catalyst particle sizes are slightly 
smaller than that o f the carbon nanotubes [18]. In addition, a catalyst particle around 10 
nm in diameter is suitable to grow single wall carbon nanotubes in term o f supplying the 
carbon source to the catalyst particles and their surface energy [18-23]. Furthermore, 
there are discussions about the diffusion process of carbon atoms around the catalyst 
particles [18,24]. For the growth o f carbon nanotubes, carbon atoms deposited on the 
surface o f catalyst particles form graphitic structures. The graphite structures diffuse 
towards the end of particles and eventually form cylinder structures. Such process is 
known surface diffusion [24]. Helveg et al. reported a direct observation o f the surface 
diffusion o f carbon atoms using TEM and such process enables the formation of carbon 
nanotubes at lower reaction energies [24]. On the other hand, carbon atoms seem to 
diffuse not only at the surface o f catalyst particles but also inside as bulk diffusion [18]. 
According to the TEM analysis, the fibres had amorphous structures and the bodies 
were filled completely by the materials. However, the surface was graphitised only with
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few layers. That is suggesting that the majority of the carbon diffusions occurred not at 
the surface but through the volume o f the catalyst particles. According to the TEM 
image shown in Figure 5.14 (b) the catalyst particle has a polyhedron structure, and the 
fibre seems to be grown from the flat area of the particles. The result suggests that the 
diameter depends on a particular plane area o f crystalline the catalyst particles. The 
carbon atoms diffiising inside particles were eliminated only from the area. However, 
according to Kukowecz et al., melting points of metals decrease dramatically when the 
sizes o f the materials become smaller than 100 nm in diameter [9]. Therefore the 
catalysts are possibly in liquid phase during the annealing process o f fibre growth, and 
the crystalline structure o f the catalyst shown in the TEM images was probably formed 
during the cooling down process o f the fibre growth after the reactions. In addition, the 
graphite layer on the surface of catalyst particles was possibly created during the 
cooling down process. The TEM image shows the poor crystallinity at the surface o f the 
bodies of carbon fibres although the surface o f catalyst particles has better graphite 
structures. Further investigation is necessary to reveal the growth mechanism of 
amorphous carbon fibres.
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Figure 5.14: High resolution TEM images o f  the carbon fib re  grown using an extension nozzle, (a) TEM  
image o f  the middle o f  carbon fibre, (b) A tip partic le  TEM image o f  the carbon fibres, (c) High 
magnification TEM images o f  the tip particle. The deposition condition w as same as the sam ples o f  
Figure 5.12 (a). The fib res had amorphous structures. There were catalyst partic les a t the tips o f  the 
fib res  which are suggesting the tip grow th mechanism w as dom inated fo r  the form ation  o f  fibrous  
structures. The nickel catalyst partic les had polycrystalline structure an d  graphitic layer w as obsei-ved at 
the surface o f  the catalyst.
5.2.8 Conclusions
Carbon fibres were grown using nickel catalyst. As an optimisation process, the 
thickness of catalyst films, interlayer, pre-treatment time, growth pressure and growth 
temperature were varied. In addition, an extension nozzle was attached to expose the 
reaction gas near the substrates. The fibres obtained in this study had amorphous 
structures. The tip growth mechanism was probably dominated for the growth. To
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obtain high yields and long straight structures o f carbon fibre growth, the extension 
nozzle, longer pre-treatment, 950°C growth temperature, 15 nm Al interlayer, 100 mbar 
growth pressure, 50 sccm methane and 5 sccm hydrogen were effective. Further study is 
necessary to reveal the growth mechanism o f the fibres to obtain carbon nanotubes.
5.3 Carbon nanotube/nanofibre growth with iron catalysts
Carbon fibres with crystalline structures were not obtained from the optimisation 
work using the nickel catalysts. To overcome the situation, iron and molybdenum were 
introduced as catalysts. The metals are widely used to grow single wall carbon nanotubes 
and multi wall carbon nanotubes with narrow diameters. Both metal films were deposited 
by the sputterer, similar to the nickel catalysts. In addition, an aluminium film is also used 
as an interlayer between the iron and silicon oxide layers. In this section, the results 
obtained by modifying the growth conditions such as thickness o f iron and aluminium 
films (section 5.3.1), growth pressure (section 5.3.2), growth temperature (section 5.3.3) 
and varied pre-treatment process (section 5.3.4). We observed a transition to crystalline 
structures from amorphous nanofibres and obtained carbon nanotubes.
5.3.1 The influence of Fe film and Al interlayer thickness
We optimised carbon fibre growth in terms o f the thickness o f the 
molybdenum/iron catalyst and the interlayer. For deposition o f aluminium films, the 
thickness was varied by changing the deposition time from 0 to 4 minutes with 1 minute 
steps. The thickness was measured using the AFM. Due to the difficulty in measuring 
the thickness of the aluminium film deposited for 1 minute, the thickness was estimated 
with a fitting function o f the experimental value obtained from the samples deposited 
for 2 to 4 minutes. Figure 5.15 shows the plots o f aluminium thickness obtained from 
the AFM measured and their fitted value. The aluminium film thickness should be 0 nm 
when the deposition time is 0 minutes, and the thickness should increase linearly with 
the deposition time. Therefore, the fitting function was chosen so that it became linear
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function for long deposition times and nonlinear for short deposition times, going 
through the origin, Aecording to the fitted eurve, the thiekness of aluminium is about
5.8 nm when the deposition time is 1 minute. The thieknesses after other deposition 
time were estimated as 8.3 nm for 2 minute deposition, 9.9 nm for 3 minutes deposition, 
and 11.2 nm for 4 minutes deposition.
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y = -6.28e”^ °^®®+6.28+1.24x
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Figure 5.15: Aluminium film  thickness as a  function o f  deposition time. Black squares express the 
thicknesses m easured by using AFM. White circles express the value obtained from  the fittin g  function o f  
the m easured value a t each deposition time. The A l thickness increased from  5.8 nm to 11.2 nm, as the 
deposition time increasedfrom  1 minute to 4 minutes.
Figure 5.16 shows SEM images of carbon fibres grown with the varied 
aluminium thickness and 0.1 nm molybdenum/1.0 nm iron films. The metal films were 
deposited on 100 nm Si Ox/Si wafer substrates Figure 5.16 (a) ~ (e) shows carbon 
nanofibres grown on the substrate as a funetion of aluminium films thickness from 0 to
11.2 nm. As shown in Figure 5.16 (a), in the absence of the aluminium interlayer, no 
fibrous structure was observed, only particle structure appeared. With the aluminium 
interlayer present beneath the eatalyst films, the yields of fibre growth were improved. 
The fibres obtained with the aluminium film had long straight strueture with thin 
diameters, eompared to the struetures obtained from the niekel catalyst as shown in 
Figure 5.5. Same experiment was carried out with 0.1 nm molybdenum/0.5 nm iron 
catalysts, and same trends were observed.
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Figure 5.16: SEM images o f carbon nanotubes grown with the variation o f  A l interlayer thickness: (a) 0 
nm, (b) 5.8 nm, (c) 8.3 nm, (d) 9.9 nm, (e) 11.2 nm. (Pre-treatment: 100 sccm; Pressure: 100 mbar;
Temperature: 900X1; Duration 0 minutes. Deposition condition: CHp 50 sccm; Pressure: 150 mbar; 
Temperature: 90 0 X ; Time: 10 minutes. Substrate: 0.1 nm Mo/1.0 nm Fe/Al interlayer/100 nm Si02/Si 
wafer) Carbon fibres were grown with aluminium interlayer while no fibrous structure was observed  
when there is not aluminium interlayer. The fibres had long, straight and thin diameter structures.
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Figure 5.17: (a) G and D and (b) RBM Raman spectra with 1.0 nm iron and the variation o f A l film  
thickness. The deposition conditions o f the fibres were same as shown in the Figure 5.16. Sharp G and 
RBM peaks appeared when the aluminium interlayer was used beneath the catalyst film. The peaks 
appearing around 305 cm'  ^are associated with the silicon substrates.
Raman analysis was carried out as a function of the aluminium interlayer 
thickness to obtain structural information about the fibres. Figure 5.17 shows Raman 
spectra obtained from the fibres grown with 0.1 nm molybdenum/1.0 nm iron catalyst as 
a function of the aluminium interlayer thickness. The Raman spectra were measured at 
four random points on each sample and overlapped as shown in Figure 5.17. Clear 
peaks appeared in the region of the G peak (1600 cm'*) and the RBM regions (below 
300 cm'*) while broad peaks appeared in the region of the D peak (1300 cm'*). Such 
sharp peaks were observed only when using aluminium interlayer. The sharp G peaks 
and RBM peaks originate from carbon nanotubes with single wall or narrow diameters 
[24]. Same Raman characteristics were observed on the growth using the 0.1 nm 
molybdenum/0.5 nm iron catalysts. Therefore, it is concluded that growth of carbon 
nanotubes using the molybdenum/iron catalysts with aluminium interlayer is successful.
According to Lacerda et al., the aluminium interlayer keeps the iron catalyst 
small enough to grow carbon nanotubes [7]. During the annealing, catalyst films are
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break into small particles and are aggregated by the thermal energy. However, the 
aluminium interlayer melts first and transformed to alumina along through the reaction 
with residential oxygen. Due to the formation of alumina particles the iron catalyst 
remained small in size. When there is no aluminium interlayer beneath the iron catalyst, 
the iron particles becomes large, as seen in Figure 5.16 (a).
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Figure 5.18: G/D Raman intensity ratio obtained from the carbon nanotubes grown as a function o f the 
iron and the aluminium interlayer thickness. The deposition conditions o f  the fibres were the same as in 
Figure 5.16. A large G/D ratio was appeared when the thickness o f aluminium interlayer was around 8.8 
to 10 nm. The ratio o f G/D peak intensity obtained from 0.5 nm iron catalysts tends to be stronger than 
the signals obtained from 1.0 nm iron catalysts, suggesting thinner fibres
Figure 5.18 shows the G/D peak intensity ratio obtained from the carbon 
nanotubes grown as a function of iron catalyst and aluminium interlayer thickness. The 
G/D ratio reached a maximum when the aluminium interlayer was around 8.3 nm to 9.9 
nm. In addition, the G/D ratio obtained from the nanotubes grown with 0.5 nm iron 
catalyst tends to be higher than for those grown with 1.0 nm iron catalysts. However, 
there were large variations of the G/D peak intensity ratio depending on the points 
where the Raman spectra was measured. This may be due to the low density of carbon 
nanotubes, large variations of their diameters and the small spot laser size (about a few 
pm in diameter) of Raman system. Therefore it is difficult to discuss the dependence on 
the thickness of iron or aluminium thickness. However, the better G/D ratio and strong 
peak at RMB region for the thinner catalyst layer indicates that the catalyst particles are
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smaller than for the thicker catalyst layer. Therefore, the metal films with the 
thicknesses 0.5 nm iron catalyst and 8.3 nm aluminium interlayer were mainly used in 
the following sections.
5.3.2 The influence of process pressure
According the results shown in 5.2.4, the yields o f carbon fibre changed 
dramatically as a function o f the growth pressure. The same growth experiment was 
repeated using the Mo/Fe catalyst and aluminium interlayer to obtain better yields of 
carbon nanotubes. Figure 5.19 shows the carbon nanotube growths obtained as a 
function o f the growth process pressures. The pressures compared are ~1 mbar (Figure 
5.19 (a)), 50 mbar (Figure 5.19 (b)), 100 mbar (Figure 5.19 (c)), 150 mbar (Figure 5.19 
(d)) and 200 mbar (Figure 5.19 (e)). The pressure value “~1 mbar” expresses the 
minimum pressure capable with the system used in this study. The yield o f carbon 
nanotubes increased as the pressure increased from ~1 mbar to 150 mbar, and then 
decreased when 200 mbar was used. It is suggesting that the yield of nanotubes 
increased due to the increase o f carbon deposit on the surface o f catalyst particles. 
When the excess carbon atoms were deposited on the surface, the catalyst was poisoned 
quickly and no growth o f carbon nanotubes was obtained.
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Figure 5.19: SEM images o f  carbon nanotubes grown as a function o f  the growth pressure, (a) ~7 mbar, 
(b) 50 mbar, (c) 100 mbar, (d) 150 mbar, (e) 200 mbar (Pre-treatment: Hi: 100 sccm; Pressure: 100 
mbar; Temperature: 900X/; Durations: 50 minutes; Deposition, CHp 30 sccm; Temperature: 900%/; 
Duration: 10 minutes; without extension nozzle. Hydrogen was replaced by helium in the last lOminutes 
ofpre-treatment fo r purging, and the pressure was changed form 100 mbar to the desired pressure at the 
same time. Substrate: 0.1 nm Mo/0.5 nm Fe/10 nm Al on 100 nm SiOi/Si wafer). Long straight carbon 
nanotubes were observed. High yields o f carbon nanotubes were obtained when the pressure was 
increasedfrom ~1 mbar to 150 mbar, and then the yields decreased when 200 mbar was used.
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5.3.3 The effects of process temperature
Figure 5.20: SEM images o f  carbon fibres obtained as a function o f  the growth temperature. The growth  
temperature were (a) 900°C, (b) 925°C, (c) 950°C and (d) 975°C (Pre-treatment: H2 : 100 sccm; Pressure: 
100 mbar; Durations: 50 minutes; Deposition, CHp 50 sccm; Duration; 10 minutes; without extension 
nozzle. Hydrogen was replaced by helium in the last lOminutes o f  pre-treatment fo r  purging, and the 
pressure was changed form 100 mbar to the desired pressure at the same time. Substrate: 0.1 nm Mo/0.5 
nm Fe/10 nm Al on 100 nm Si02/Si wafer). Long straight carbon nanotubes were observed when the 
growth temperature was below 925°C, and thick and curly carbon fibres were obseiyed when the 
temperature was above 950°C. It is suggesting that the temperature around the 950°C is a critical point o f  
formation o f growth materials with different structures.
Temperature variations with iron catalysts and aluminium interlayer were 
carried out. Figure 5.20 shows the carbon fibres grown with varied temperatures like 
9 0 0 T  (Figure 5.20 (a)), 925°C (Figure 5.20 (b)), 950°C (Figure 5.20 (c)) and 9 7 5 T  
(Figure 5.20 (d)). When the growth temperature was below 925°C, long straight carbon
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fibres were observed indieated by white arrows in Figure 5.20 (a) and (b). On the other 
hand, when the temperature was above 950°C, thick, short and eurly carbon fibres were 
mainly observed as shown in the Figure 5.20 (c) and (d).
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Figure 5.21: (a) Raman spectra and (b) G/D ratio o f  carbon fibres obtained from varied growth 
temperatures. Structure o f  Raman spectra was changed as the temperature increased. As the temperature 
decrease, G peaks were became sharp while the D peaks became more broadened, and whole spectra 
changed from fla t to bending structures. G/D ratio was increased as the temperature decreased.
Figure 5.21 shows Raman spectra and G/D ratio obtained from carbon 
nanofibres grown at various temperatures. The shapes of G-peaks changed from sharp 
to wide structures while the shape of D-peaks was changed from small fractions to wide 
as the growth temperature increased. In addition, the shapes of the whole spectra shown 
in Figure 5.21 (a) changed from curved to flat as the growth temperature decreased. The 
changes in the spectra are showing that the grown materials on the substrates change 
from carbon nanotube structures to amorphous carbon deposit and/or increases of 
defects in the materials [25]. The dependence of G/D ratio on the growth temperature 
(see Figure 5.21 (b)) is also suggesting the degrade of crystallinity as the temperature 
increased.
The changes observed in the grown materials indicate that, as the temperature 
increased the thermal decomposition rate of methane gas increased, resulting in thicker, 
more defective carbon nanofibres. This suggests that quality nanotubes are linked to the 
thermally assisted decomposition of the gases at the catalyst rather than pure thermal 
breakdown of the gas. Dikonimos Makris et al. reported that increases of temperature
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resulted in thicker carbon nanotubes due to the increase o f methane decompositions on 
the surface o f nickel catalysts [26]. However, according to Lacerda et al., the structure 
of nanofibre was transferred from multi wall to single wall as the growth temperature 
was increased from 700°C to 1000°C. They used a similar geometry of the catalysts and 
interlayers like 0.2 nm Mo/1.0 nm Fe/10 nm Al, but the carbon source was provided by 
a burst o f acetylene gas. They assign the differences observed in the structures to the 
carbon precursor. Methane (CH4) is the most stable hydrocarbon and includes 4 
hydrogen atoms per carbon atom. On the other hands, acetylene (C2H2) is decomposed 
at lower temperatures and has only 2 hydrogen atoms per carbon atom. Methane is 
difficult to be decomposed even at 900°C [13], therefore, the chemical reaction rate at 
the surface of catalyst was small. However, the acetylene breaks down at lower 
temperatures compared to methane, leading to carbon nanotubes grown even at 700°C. 
In addition, the ratio o f hydrogen atoms during the growth is different. Hydrogen is 
used to activate the catalyst during pre-treatment as shown in the section 5.2.3. The 
hydrogen atoms can work to keep the catalyst active during the growth periods, 
however, at the same time, it is possible to consider that the hydrogen prevent the 
formation of graphitic structures.
5.3.4 Effects of pumping down and helium purge process
When the iron films were employed as catalyst, the yields of carbon nanotubes 
were very low. The nanotubes were rarely found by the SEM, and due to the low 
densities, it was difficult to carry out TEM and Raman analysis. In that period, methane 
was introduced immediately after hydrogen was used for the pre-treatment. In that case, 
the furnace chamber was filled by hydrogen and the gas ratio o f methane was increased 
very slowly. We suspected the low yields of carbon nanotubes originated by the high 
inclusions of hydrogen during the initial periods o f growth time. To change the 
conditions, the pre-treatment process was modified. To see the effects o f hydrogen two 
kinds of process were used. The first one was where the hydrogen was replaced directly 
by helium in the last 10 minutes of pre-treatment. We termed this process as He purge.
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The second one was where the chamber was firstly pumped down to base pressure (< 1 
mbar). Then, 100 seem He gas was introduced to inerease the pressure to 100 mbar. We 
termed this process as pumping down and He purge process. Figure 5.22 shows the 
schematic process flow o f the pumping down and helium purge added at the end o f pre­
treatment time. They were carried out in the last 10 minutes of the pre-treatment. The 
purge process enables the reduction of the concentrations of hydrogen while the 
pressure was kept stable in the initial periods of growth time.
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Figure 5.22: Schematic flow  chart o f a typical growth process with and without a helium purge 
(highlighted in grey). The helium purge was carried out in the end o f pre-treatment. The chamber was 
firstly pumped down until the pressure became less than 1 mbar, then 100 seem helium gas was intruded 
until the pressure increased to 100 mbar. The process was conducted in 10 minutes.
Figure 5.23 shows the SEM and TEM images of grown materials (a), (b) with 
and (b), (c) without the He purge. The fibres were grown at 900°C. When the He purge 
was used in the pre-treatment, the grown fibres had long and straight shapes as shown in 
Figure 5.23 (a), and TEM confirmed them as carbon nanotubes (see Figure 5.23 (b)). 
On the other hand, when the growth was conducted without the He purge process, short 
curly nano fibres appeared, as shown in Figure 5.23 (e), with amorphous struetures (see 
Figure 5.23 (d)). The helium purge ehanges the growth from the amorphous phase to the 
crystalline tube phase.
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Figure 5.23: SEM and TEM images o f  carbon nanofibres, (a), (b) H2  pre-treatment with He purge, (c), 
(d) Hi pre-treatment without He purge. The white scale bars in the figure (a), (b), (c) and (d) represent 
500 nm, 5 nm, 500 nm and 20 nm, respectively. (Pre-treatment: gas flow: 100 seem; pressure: 150 mbar; 
Temperature: 900X1; Time: 50 minutes; Deposition: CHp 50 seem; pressure: 150 mbar; Temperature: 
900 X ; Time: 10 minutes. Substrate: 0.1 nm Mo/0.5 nm Fe/10 nm A l on 100 nm Si02/Si wafers.).(When 
He purge was conducted the grown materials were dominated by the carbon nanotubes, and when the 
purge was not conducted the grown materials were amorphous carbon amorphous carbon fibres.) He 
purge changes the phase o f  the fibre from amorphous to carbon nanotube.
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Carbon fibre growth was investigated fiirther as a function of the purging 
process steps at 950°C. Figure 5.24 shows carbon fibres obtained (a) with pumping 
down and He purge, (b) only with helium purge, (c) without pumping down and Hre 
purge and (d) TEM image o f the fibre shown in Figure 5.24 (b). The changes observed 
in the grown materials are more obvious than the materials grown at 900°C Figure 5.23
(a) and (c). When both the pumping down process and the He purge were added in the 
pre-treatment phase, the density of curly fibres was small. However, when only the He 
purge was used curly fibres were grown with high density. When neither the pumping 
nor the He purge processes were used, the structure o f fibres became curlier and denser.
The difference observed in the grown materials at 900°C and 950°C is indicating 
that the 950°C is a key temperature where methane and hydrogen molecules start to 
decompose thermally. Therefore, the influence o f hydrogen concentration appeared 
clearly at 950°C. The high concentration o f hydrogen leaded to higher yields and poorer 
crystallinity o f carbon fibres.
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Figure 5.24: SEM images o f carbon fibres grown (a) with pumping down and helium purge, (b) only with 
the helium purge (c) without pumping down helium purge (d) TEM images o f  carbon fibre shown in the 
figure (b) (Pre-treatment, H2 : 100 seem, Pressure: 100 mbar, Durations: 50 minutes. Deposition, CHy 
50 seem. Duration: 10 minutes, without extension nozzle, Hydrogen was replaced into helium in the last 
lOminutes ofpre-treatment fo r purging, and the pressure was changedform 100 mbar to desired pressure 
at same time. Substrate: 0.1 nm Mo/0.5 nm Fe/10 nm Al on 100 nm Si02/Si wafer). When the He purge 
was used the density o f grown materials was low. On the other hand, when the He purge was used dense, 
short and curly nanofibres were appeared.
According to the TEM image shown in Figure 5.24 (d) the nanofibres had 
layered structures at the surface, and the catalysts was found at their tips. However, the 
inside of the fibre is amorphous, enclosed by defective, graphitic walls. The catalyst 
diameter is similar to the diameter of the innermost wall. This image is also suggesting 
that the bulk diffusion of carbon inside the catalysts results in the formation of
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amorphous carbon fibre inside, and surface diffusion of earbon results in the formations 
of nanotube structures at our shells of the fibre as discussed in section 5.2.7.
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Figure 5.25: Raman spectra  o f  carbon fib res grown with and without helium purge (HP). The deposition  
conditions were the same as in Figure 5.24. When the He purge w as used, D- and G -peak w as appeared. 
When the He purge w as not used, the spectrum became very broad, suggesting the deposition o f  
amorphous carbon.
Figure 5.25 shows Raman spectra obtained from the carbon fibre grown with 
and without He purge. When the He purge was used in the pre-treatment, G- and D- 
peaks appeared around the 1300 em'^ and 1600 cm '\ However, when the He purge was 
not used, the spectrum became broad, due to the large fluorescence originating from 
amorphous carbon.
There are two possible roles of hydrogen in the growth of carbon fibres. One is 
the activation of catalysts via reduction. Such effects also occur during the growth 
period of the carbon fibre. Another role of hydrogen is to prevent the deeomposition of 
the carbon source (such as methane) and to reduce excess carbon deposition at the 
surface of the catalyst particles. During the reaction period, the methane molecule 
decomposes as a following chemical formula:
C / / 4  C + 2 H 2
If the hydrogen concentration is high, the ehemical reaction speed is decreased. In 
addition to these effects, it has also been suggested that hydrogen species can hinder the
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formation of graphite like carbon: Zhang et al. showed that the hydrogen plasma causes 
the breaking up of sp^ C-C bond and the formation of sp^ C-H bonds, resulting in the 
etching of the carbon nanotubes [27,28]. Furthermore, by adding oxygen, the yield of 
carbon nanotubes was significantly increased due to the reduced reactive hydrogen 
present during the process of PECVD. Sun et al. and Ruffieux et al. discussed the 
increased absorption of hydrogen by curved carbon layers [29,30]. This suggests that 
the reactive hydrogen can attack and prevent the generation of the sp^ C-C bonds during 
the formation of carbon nanotubes. Therefore, higher concentrations of hydrogen and 
high growth temperatures could enhance such deleterious effects. They can result in the 
less crystalline structures despite the higher yield. The effects of hydrogen such as 
activation of catalyst, reducing methane decompositions and damaging to the carbon 
bonding or creating C-H bonds are enhanced by thermal energy. Table 5.5 shows the 
summary of the hydrogen and temperature effects to the growth of carbon 
nanotube/nanofibres.
Table 5.5: Summary of hydrogen and temperature effects to carbon nanotube/nanofibre growth
Growth temperature 900°C
Hydrogen concentrations Low High Low High
Catalyst activity Less active Aetive Active Very active
CH4 decomposition rate 
by catalysts Low
High High Very high
CH4 decomposition rate 
by thermal energy Low
Low High Low
Damages by hydrogen Low Low Low High
Grown materials CNTs a-CNFs a-CNFs &CNTs a-CNFs
Density o f the grown 
materials High Low
Low High
SEM images of grown 
materials
Figure 5.23 
(a)
Figure 5.23 
(c)
Figure 5.24
(a)
Figure 5.24 
(b)
Additional important point in this study is that a simple technique like He 
purge and the removal of residual hydrogen by the pump down process makes a 
significant difference on the growth of carbon nanotubes. Helium is more chemically 
stable eompared to the hydrogen. The removal of residual hydrogen by using the He
125
Fiimitaka Ohashi Carbon nanotube/nanofibre growth
purge aids in reducing the effects o f hydrogen. It reduces the amount o f unwanted 
carbon deposits and results in more controllable carbon nanotube growth through the 
control o f hydrogen concentration at the initial period o f carbon nanotube nucléation.
5.3.5 Conclusions
In conclusion, the thickness of the iron catalyst and aluminium interlayer were 
modified as an initial optimisation work. High yields o f carbon nanotubes with high 
G/D ratio were obtained for catalyst/interlayer thickness of 0.5/8.8 nm, respectively. In 
addition, increases of pressure and temperature resulted in the better yields o f carbon 
nanofibres but with poor crystallinity.
By adding two processes, pumping down and He purge, in the end o f  pre-treatment, 
the yields and the crystalline structures o f  the grown materials were improved. The two 
processes enable to change the concentrations o f  hydrogen in the initial periods o f  
growth. The high hydrogen concentration resulted in the growth o f  amorphous carbon 
fibres. On the other hand, when the hydrogen concentrations were low, good quality 
nanotubes were observed. Hydrogen is used to activate the catalyst particles during the 
pre-treatment, but, it also degrades the crystalline structure o f  carbon fibres during the 
growth time. The clear influence o f the hydrogen was observed at the higher 
temperature. Therefore, a good balance o f the hydrogen concentration is needed for the 
growth o f carbon nanotubes, especially when the growth temperature is high.
5.4 Summary of carbon nanotube/nanofibre growth
Optimisation work of carbon nanotubes/amorphous carbon fibre growth was 
carried out. Initially, nickel films were mainly used as a catalyst. Amorphous carbon 
fibres were obtained with high yields. When the extension nozzle was attached to 
increase the partial pressure o f the reaction gas near the substrates, the yields o f carbon
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fibre were dramatically increased. According to the SEM observations, vertically 
standing amorphous carbon fibres were obtained with the extension nozzle. Large 
catalyst particles were observed at the tips o f fibres, suggesting that the fibre growth 
mechanism was dominated by the tip growth. The size o f catalysts was much larger than 
the diameter of carbon fibres, indicating that bulk diffusion occurred in the catalyst 
particles during the deposition.
Due to the poor crystallinity o f the carbon fibres grown with nickel, 
molybdenum/iron catalysts were employed as a next step. In addition, two processes, 
pumping down and He purge at the end or the pre-treatment were added to improve the 
carbon nanotube growth. With the combination o f aluminium interlayer and iron 
catalyst, high yields of carbon nanotubes were obtained when hydrogen concentrations 
were low at the beginning o f the growth phase. When the hydrogen concentrations were 
high, the grown materials had amorphous structures. To obtain high yields o f carbon 
nanotubes, proper control o f hydrogen concentration is necessary. From the TEM 
analysis of the fibre grown with the iron catalyst at 900°C with low hydrogen 
concentrations, well aligned wall-structured carbon nanotubes were observed.
Further optimisation work is necessary to obtain single wall carbon nanotube 
constantly and to reduce the growth temperature. The growth temperature is too high to 
use the substrates for electric devices directly. In addition, control of growth positioning 
and growth orientations are also necessary. This can be achieved using FIB to pattern 
the catalysts and by using an electric field to control the growth direction.
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Chapter 6 I-V characterisation of CNTs grown using TCVD
Carbon nanotubes are of great interest for use in electronic devices because of 
their quasi one-dimensional structure, high current density and large surface area. To 
apply the carbon nanotubes grown by the TCVD process in this project for electronic 
device applications, I-V characterisation is required. In conducting the analysis, 
optimisation work for device fabrication and of the measurement technique was carried 
out. In this chapter, ways in which we can obtain accurate I-V characteristics o f the 
CVD grown carbon nanotubes with good connections are initially explained in Section 
6.1. Results o f I-V characteristics obtained using the optimised measurement system is 
shown together with the discussion o f the conduction mechanism in Section 6.2. Finally, 
I-V characterisation of surface modified carbon nanotubes are described in Section 6.3.
6.1 Interconnection modifications
To obtain the intrinsic characteristics of carbon nanotubes from I-V 
measurements, a proper understanding of the measurement system and device structures 
is crucial. In addition, carbon nanotubes are known as a material which typically has 
high contact resistance with the electrode metals [1]. To overcome these problems, the 
measurement systems, electrode materials and electrode structures were investigated.
6.1.1 I-V measurements of CNTs in air
As an initial experiment to establish the measurement techniques, the I-V 
measurements of carbon nanotubes were performed in air by using a conventional probe 
station, Toolex B 190250 and a multi-meter, Keithley 4200. The probe station was 
composed of an optical scope, three gold probe station needles, a sample stage and a 
box which isolates the sample from external electromagnetic radiation. Two or three
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terminal electronic devices were placed on the sample stage; the stage moves in the X-Y 
directions and is connected with gold needles which move in the Z direction. Coaxial 
cables were used to connect the probe station and the multi-meter.
During the process o f device fabrication, electrode metals were deposited as a 
thin film o f 100 -150 nm in thickness by sputtering. The metal films were then patterned 
by using a photolithography lift-off process and by milling using a Focused Ion Beam 
(FIB). Before dispersing CNTs onto the devices, CVD-grown nanotubes were removed 
from the deposition substrates by sonicating for 10 minutes in methanol. A few drops of 
the methanol-containing nanotubes were then dispersed by a pipette on the Au 
electrodes patterned on silicon oxide/silicon wafers. The patterned substrates were kept 
in air until they were dry. After the process, SEM was used to identify locations o f the 
carbon nanotubes which bridge between the electrodes. Further details o f the fabrication 
process o f the CNT-FETs are described in Section 3.2.
6.1.1.1 Unstable operation of CNT devices
Figure 6.1 shows SEM images o f a CVD grown carbon nanotube before and 
after the I-V measurement in air. When the I-V measurements were conducted in air, 
most o f the devices showed open-circuit behaviour. In addition, the nanotubes failed 
during the first few 1-V measurements, as shown on the right hand side o f Figure 6.1. 
Therefore, it was impossible to discuss the 1-V characteristics o f the carbon nanotubes 
from the results. According to the SEM analysis, the carbon nanotubes appear to fail in 
the middle, following the IV measurements. Therefore, initially we suspected that the 
tubes may have failed due to the poor quality o f the CVD grown carbon nanotubes.
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Figure 6.1: SEM image o f CVD grown CNTs on An electrodes (L) before and (R) after 1-V 
measurements. The right hand side figure shows a break/interruption o f carbon nanotube in the middle as 
pointed with the white arrow.
To verify this hypothesis, single wall carbon nanotubes grown by arc-discharge 
were used for the I-V measurements instead of the CVD grown carbon nanotubes. The 
arc-discharge grown carbon nanotubes have typically better crystallinity in comparison 
to the CVD grown carbon nanotubes [2]. To obtain well isolated or few bundles of 
carbon nanotubes, dimethylformamide (DMF) was used as a solution for carbon 
nanotube dispersion. The mixture of nanotubes and DMF was sonicated for 400 minutes 
and centrifuged for 3 minutes. Supernatant liquid was taken from the solution and 
diluted in DMF to remove deposits which contained unwanted materials such as thickly 
bundled carbon nanotubes, amorphous carbon and catalyst particles. The process was 
repeated several times until appropriate concentrations of the carbon nanotubes were 
obtained. The solutions were then dispersed on the Au electrodes.
Figure 6.2 shows SEM images of the dispersed carbon nanotubes grown by 
arc-discharge method before and after I-V measurements. Virtually no difference was 
observed in the results of I-V characteristics (not shown) compared with those devices 
prepared using the CVD grown carbon nanotubes. The results suggest that the main 
problem on the measurements do not lie within the carbon nanotubes themselves, but on 
the measurement technique, atmosphere or the device structures. Ajayan et al. showed 
the burning of single wall carbon nanotubes in air and their reconstruction in the He and 
Ar atmosphere when they are exposed to a flash light, suggesting oxidisation of carbon
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nanotubes with heat induced by the light [3]. In this case, oxygen present in the air 
(atmosphere) possibly led to easy disruption and burning of carbon nanotubes due to the 
thermal energy induced by the current conduction. In addition, unwanted materials such 
as amorphous carbon on the surface of carbon nanotubes and poor coupling between the 
carbon nanotubes and electrode metals may cause high resistances at these points at 
which large generation of heat occurred. In addition, thermal simulation of suspended 
carbon nanotubes have shown (Paul Smith thesis [4]) clearly that the highest 
temperatures recorded due to Joule heating on anchored nanotubes are at its centre. 
Therefore, the combination of the oxygen damaging/etching the tube and evaporation of 
carbon species through heating is the most likely cause for the failing of the carbon 
nanotubes, irrespective of their quality.
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Figure 6.2: SEM images o f arc-discharge grown CNTs before (L) and after (R) 1-V measurements. The 
nanotubes were dispersed on Au electrodes with dimethylformamide (DMF). The right hand side figure 
shows terminations o f dispersed carbon nanotube after the 1-V measurements. Branch structures 
appeared near the disruption.
6.1.1.2 Annealing of arc-discharge grown CNTs
High quality single wall carbon nanotubes grown by arc-discharge or laser 
ablation typically need purification because the as-grown material is covered with 
unwanted impurities, such as amorphous carbon [5]. Such unwanted materials not only 
cause poor contacts between carbon nanotubes and electrode metals by fonning 
insulating barriers, but, also lead to poor electric conduction in the carbon nanotubes. 
Most of the cunent through the carbon nanotubes is conducted on their surface, and
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therefore surfactants coating carbon nanotubes can significantly affect the conduction 
mechanism [6]. To remove surface contaminants and deposits, an annealing process was 
carried out before I-V measurements. The dispersed carbon nanotubes were annealed in 
air at 300 °C for 10 to 40 minutes.
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Figure 6.3: Influence o f annealing on arc-discharge grown carbon nanotubes, (a) G- and D-peak 
ratios o f Raman spectra o f the carbon nanotubes plotted as a variation o f annealing time, (b), Full Width 
a H alf Maximum (FWHM) of G-peak with the variations o f annealing time. Annealing was performed in 
air at 300 T7. The G/D ratio increased and the FWHM o f the G-peak decreased with the annealing time. 
They suggest the removal o f amorphous carbon deposits on and around the carbon nanotubes.
Figure 6.3 shows the G/D intensity ratio and the FWHM of G-peak of Raman 
spectra obtained from arc-discharge grown carbon nanotubes as a function of annealing 
time. SEM images of the carbon nanotubes before and after the annealing process are 
examined and a typical example is shown in Figure 6.4. In the Raman analysis, G- and 
D-peaks correspond to aromatic breathing mode in graphite structures and their defects, 
respectively. An increase of the G/D ratio is typically considered as an improvement of 
graphitic crystallinity (see Section 3.1.4). In addition, a decrease of the FWHM of the 
G-peak suggests an increase of pure graphitic signals; the contributions o f the sp^ bond 
structures in carbon nanotubes typically originate from defects in carbon nanotubes and 
amorphous carbon deposits. Furthermore, as shown in Figure 6.4, the SEM analysis 
does not show significant structural differences after annealing. Andrews et al. reported 
that the healing of carbon nanotubes starts at 1800 °C [7]. Because of the much lower 
annealing temperature of 300 °C in this experiment, it is difficult to think that curing of 
defects occurred in the carbon nanotubes. Therefore, we can conclude that the 
improvement of G/D ratio occurred due to the removal of surfactant but not due to the 
improvement of carbon nanotubes crystallinity.
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I-V measurements o f the annealed carbon nanotubes were carried out in air 
after the Raman analysis. Despite the improvement in the crystallinity, most of the I-V 
characteristics still showed no current conduction and most of the devices broke during 
the first few I-V measurements. Therefore, this confirms our initial theory that the main 
obstacles for obtaining the I-V characteristics are not due to the quality of carbon 
nanotubes, but on the measurement system such as measurement atmosphere and the 
device structures as discussed in Section 6.1.1.1.
Figure 6.4: SEM image o f as dispersed carbon nanotubes, (a) before and (b) after annealing. SEM  
image o f  carbon nanotiibe after 40 minutes annealing. The annealing was process in air at 300 V . No 
significant change was observed with the annealing.
6.1.1.3 Comparison of failed CNTs
According to the SEM analysis after the I-V measurements, a significant 
difference was observed between the failed carbon nanotubes grown by arc-discharge 
and CVD. When the arc-discharge grown carbon nanotube was broken by the I-V 
measurements, branch (dendritic-like) structures often appeared, as shown in Figure 6.2
(b). On the other hand, the CVD grown carbon nanotube just showed a single 
termination in the middle of carbon nanotubes, as shown in Figure 6.1. This suggests 
that arc-discharge grown nanotubes dispersed as bundle structures of short carbon 
nanotubes. On the other hand, when the carbon nanotubes grown by CVD were 
dispersed, they seemed to have consisted only of a single or a few thick nanotubes.
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6.1.1.4 Comparison of I-V characteristics measured in air and in vacuum
Figure 6.5 shows vacuum I-V characteristics of carbon nanotubcs grown by 
CVD and arc-dischargc process. Compared to the measurement in air, the stability of 
the devices clearly improved. Although some of the I-V characteristics showed step 
changes of resistance while repeating the measurement as shown in Figure 6.5 (b), most 
of the nanotubes did not fail along the I-V measurements. Carbon nanotube is a material 
expected to be used in applications of gas sensors because of their large surface area 
(surface to volume ratio). They are very sensitive especially to oxygen and water [8,9]. 
Therefore the breakdown of the carbon nanotubes is likely to have occurred due to Joule 
heating and/or chemical reactions with oxygen and water in the atmosphere, resulting in 
the etching of the carbon atoms from earbon nanotubes. On the other hand, when the 
measurement was carried out in vacuum, the carbon nanotubes did not fail because of 
the absence of oxygen. Further analysis of the influence o f the contact resistance and the 
atmosphere is presented in Section 6.3.
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Figure 6.5: I-V characteristics o f  (a) CVD grown and (h) arc-discharge grown CNTs measured in 
vacuum. The conduction shows repeatable characteristics.
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6.1.2 Electrode materials
Figure 6.6: SEM images o f (a) An, (b) P d  and (c) and (d) Cr electrodes after the milling process o f  
focused ion beam. The images (a), (b) and (d) were taken at high magnification with the sample tilted at 
an angle o f  52 (d) A low magnification SEM image o f  a patterned Cr electrode which has redeposited
films pointed with white arrows. The redeposition o f Cr films possibly occurs by their strong adherence 
which resulted in an incomplete separation o f the film from the substrate.
To understand the I-V characteristics better, Cr, Au and Pd films were tested as 
electrode materials for carbon nanotube devices. These materials were chosen due to 
their work function and ease of deposition with suitably high quality material structure. 
In addition, there are many reports showing that Au and Pd electrodes make good 
contacts with carbon nanotube devices [10-12]. Au is one of the most well known 
materials as an electrode, not only for carbon nanotube devices, but also for other 
electronic devices based on standard semiconducting materials such as Si, Ge, GaAs
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and GaN. The Au film has low resistivity, around 22.7 nQ-m at room temperature [13], 
and enables easy patterning by photolithographic processes. In addition. Au and Pd do 
not react with oxygen at room temperature even at the surface, which is useful to avoid 
large contact resistances induced by oxidised surface layers and an increase in the 
material’s resistance whilst keeping them in air. Although Cr can oxidise at the surface 
at room temperature, its melting point (2180 K) is relatively high compared to Au (1337 
K) and Pd (1828 K). Such a high melting point is advantageous in the direct growth of 
carbon nanotubes on the electrode when using carbon nanotube growth by thermal 
CVD.
The Pd and Cr electrodes were prepared in a similar manner to the Au 
electrodes described in Section 6.1.1. The I-V characterisation o f carbon nanotube 
devices with the different electrode materials was carried out in air, initially, and then 
tested in vacuum. When the measurement was performed in vacuum, the 
nano-manipulation system attached to the FIB is used. Details o f the nano-manipulation 
system and the measurement procedure are given in Sections 3.1.5 and 3.2.3.2. SEM 
images o f each patterned metal are shown in Figure 6.6. The Cr film had a relatively 
smoother surface than the Au and Pd electrodes.
6.1.2.1 Cr electrodes
During the photolithography of Cr films, redeposition o f the films was often 
observed on the substrate after the cleaning process of the substrates (by sonication) as 
shown in Figure 6.6 (d). Such phenomena occurred possibly due to a stronger adherence 
o f the Cr films to the substrate, when compared to those of the Au and Pd films. The 
redeposition on the patterned film causes difficulties with subsequent milling. If  there 
are significant differences in the thickness, the redeposited films act as a mask during 
the milling process. In that case, longer milling times are necessary to remove the metal 
films completely from the milled pattern. However, when longer milling time was used, 
the silicon oxide layer which was between the Cr film and the Si wafer becomes thinner, 
especially at the points where it had no redeposited film on the top. Furthermore, the 
longer exposure time to the ion beam irradiation causes significant damage to the silicon 
oxide layer, resulting in an increase o f leakage currents through the oxide layer.
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Figure 6.7: SEM images and I-V characteristics o f carbon nanotube devices prepared with Cr 
electrodes, (a) SEM image o f  a carbon nanotube dispersed on Cr electrodes with tungsten contact pads 
pointed with white arrows, (b) Low magnification image o f deformed Cr electrodes after several 1-V 
measurements. Inset figure shows the place where the carbon nanotube was connected with the electrode 
as shown in the figure (a), (c) 1-V characteristics o f the devices before and after the deformation o f  the 
device by the 1-V measurements. In the fourth and fifth measurement, no current conduction through the 
device as observed.
Figure 6.7 shows SEM images of a device structure of carbon nanotubes on Cr 
electrodes and I-V characteristics before and after the breakdown of the device. 
Tungsten pad depositions were carried out to improve contacts between the carbon 
nanotubes and the Cr electrodes, as shown in Figure 6.7 (a). The details about the 
effects of the tungsten pad depositions are explained in Sections 6.1.3 and 6.3.2. As 
shown in Figure 6.7 (b), the Cr electrodes melted after several of the I-V measurements, 
which is quite different from the breakdown of the devices prepared with Au electrode
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as shown in Figure 6.1 and 6.7. Deformations of the electrodes occurred not only at 
parts where the carbon nanotube contacts the electrodes but also where the electrodes 
had narrow widths. Before the devices stopped working, two-terminal resistance was 
measured at 0.1 V to be about 1 GQ. The melting down of the electrodes and the high 
resistance of the device indicate that the Cr electrodes had a very high resistivity and 
were not capable carrying the current density o f carbon nanotubes. Therefore, Cr films 
were considered unsuitable as electrodes to obtain useful electrical characteristics for 
carbon nanotubes. This is suggesting that when the device is fabricated by directly 
growing carbon nanotubes on substrates, the electrode materials should have both high 
melting point and high conductivity (e.g. Pt). Otherwise, the electrodes have to be 
patterned after the growth of carbon nanotubes on the substrate. On the other hand, the 
lowering of process temperature for the carbon nanotube growth enables to use lower 
melting point materials.
6.1.2.2 Au and Pd electrodes
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Figure 6.8: I-V characteristics o f CNTs dispersed on An and P d electrodes. The nanotubes dispersed  
on the All and Pd electrodes were grown under identical CVD process deposition conditions. When the Au 
electrode was used, linear resistance characteristics appeared as shown with black line. When the Pd  
electrode was used, almost no current was conducted through the device as shown with the red line.
Figure 6.8 shows I-V characteristics of carbon nanotubes dispersed on Au and 
Pd electrodes. When the Au electrodes were used, electrical currents typically reached 
magnitudes o f the order of 0.1 to 1 nA at 1 mV bias, applied between the electrodes. On 
the other hand, when the Pd electrodes were used, the I-V characteristics show almost
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no current flowing through the circuit. Even when higher biases o f 1 V were applied 
between the electrodes, the current reached only up to 0.01 nA.
Figure 6.9: SEM images o f  CNTs bridging Pd electrodes (L) before and (R) after the I-V 
measurements. To see the nanotube clearly, the images are displayed with negative contrast. The 
nanotubes remain dispersed even after the I- V measurements.
Figure 6.10: SEM  images o f  CNTs bridging Au electrodes (L) before and (R) after the I-V  
measurements. The nanotube disappeared partially near the low er contact after the I-V  
measurements.
Figure 6.9 shows the SEM images of the carbon nanotubes dispersed on the Pd 
electrodes before and after the I-V measurements. Almost no difference was observed
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between the I-V measurements. However, after the I-V measurement on Au electrodes, 
the carbon nanotubes sometimes disappeared near the points where the nanotube 
touched the electrodes as shown in Figure 6.10.
In the case o f the Pd electrodes, the major factor, which limits the transport of 
the carriers, was possibly due to the high resistance o f the electrode film or the high 
contact resistance rather than the resistance of the carbon nanotubes themselves. 
Therefore, the carbon nanotubes remained in as-dispersed conditions even after the I-V 
measurements with a high voltage bias. On the other hand, when Au was used as the 
electrode material, the carbon nanotubes were failed near the Au electrode as shown in 
Figure 6.10. This is suggesting that carbon nanotubes failed due to Joule heating at the 
contact between carbon nanotube and the Au electrode. The Au electrode had good 
conductance and/or lower contact resistance compared to those o f the Pd electrode. 
Therefore, most of the drain bias was dropped across the contact and the carbon 
nanotubes. The breakdown occurred at the defect in the carbon nanotubes with a 
combination of the thermal energy.
In the following experiments, Au was mainly used as an electrode material due 
to the better current carrying capacity for the carbon nanotube devices when compared 
to the Pd and Cr electrodes. The following steps are investigated as means to improve 
the electrical contacts between the Au electrodes and the carbon nanotubes.
6.1.3 Improvements of contacts between CNTs and electrodes
To improve contacts between carbon nanotubes and electrode metals from the 
viewpoint of electrode structures, many approaches have already been investigated. 
These include annealing the electrodes [10], welding the nanotube to the electrode 
using a laser pulse [11] etc.. Among them, one o f the most popular methods is to 
produce a top electrode structure. Soh et al. [12] reported that a low contact resistance, 
o f the order o f the quantum resistance, was achieved by preparing the electrode by 
evaporating metal on the top of the nanotubes.
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Figure 6.11: 1-V characteristics o f  CN T device (L) f ir s t measurement and (R) after 5" 
measurement. The characteristics are changed from  unstable (i.e. irreversible) to stable behaviour 
(i.e. reversible) after several I-V  measurements were made because the pow er dissipated  in the CNT  
anneals the defects.
Electron- or ion-beam induced deposition using focused ion beam system 
enables quick formation of tungsten pads on the substrate with a wide flexibility of the 
size, shape and position. However, the i-beam has excess energies which can cause 
severe damage to the carbon nanotubes and the substrates. Therefore, in this project, 
e-beam deposition was employed to achieve better contacts between the carbon 
nanotubes and electrode metals. This is preferable to the evaporation of contacts using 
classical lithography techniques because of the versatility o f FIB e-beam deposition. In 
addition, by using the nano-manipulation system in the FIB microscope, a series of 
depositions and I-V measurements without exposing the device to air was feasible.
Prior to the tungsten deposition, the SEM capability of the FIB was used to 
locate the carbon nanotubes which bridge between electrodes. Once they were found, a 
few I-V measurements were conducted to obtain data of as-dispersed carbon nanotubes 
using the nano-manipulation system. Figure 6.11 shows typical I-V characteristics of a 
CNT device measured in vacuum. The initial I-V measurements often showed unstable 
characteristics like dramatic changes in the resistance as shown in the left hand side 
Figure 6.11. This probably occurred due to the disorder and defects present in the 
carbon nanotubes and the contacts. The nanotubes generally either cured or failed as a 
result of repeating the measurements. The right hand side Figure 6.11 shows 
characteristics of a carbon nanotube device after a 5^  ^cycle o f measurement. The initial 
unstable characteristics became stable, showing linear resistance after several I-V
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measurements. Once stable I-V characteristics were obtained, tungsten pads were 
deposited at positions where the carbon nanotubes sit on the electrodes. Several I-V 
measurements were carried out each time after each tungsten pad was deposited. When 
the tungsten depositions are carried out, SEM imaging positions are slightly shifted 
and the image is obscured due to an injection of a precursor gas. Therefore, the size of 
tungsten pads was chosen as to be large enough to cover the carbon nanotubes and 
small enough compared to the size of gate length. The pads were shaped as rectangles 
and the typical size was set as width: 200nm, length: 500 nm and height: 100 nm as 
shown in Figure 6.12.
Tungsten pads
Figure 6.12: SEM  images o f  two-terminal carbon nanotube device (L) with and (R) without 
tungsten p a d  depositions. The right hand side SEM  image shows the two tungsten pads deposited  by 
e-beam on the carbon nanotubes which lie on the g o ld  electrodes. Deposition conditions fo r  tungsten 
pads (e-beam: 5 kV, Current: 0.4 nA, Defocus: 0 pm. Bluer: 0 pm, Pass: 200, Pitch: 10 nm D w ell 
time: 200 ps. Size: X  =  500 nm, Y = 200 nm)
Figure 6.13 shows the I-V characteristics of the carbon nanotubes on Au 
electrodes. The conductivity increased after the deposition of the tungsten pads. The I-V 
characteristics of carbon nanotubes had essentially linear resistance at the low electric 
fields. The two-terminal resistance estimated by linear fits to the 1-V characteristics 
decreased from 483 kQ to 253 kQ with the depositions of the tungsten electrodes. It is 
clear that the deposition of tungsten pads enables better contacts between the carbon 
nanotubes and the electrode pads.
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Figure 6.13: Decrease in resistance o f a carbon nanotube device by deposition o f tungsten pads on the 
carbon nanotube and electrodes. The resistance decreasedfrom 485 kfï to 240 kCi by the depositions.
The tungsten pads deposited by e-beam have very high resistivity due to high 
inclusions of carbon atoms and their amorphous structure on the tungsten pads [14]. 
When the depositions are carried out using e-beam, the energy which induces a 
decomposition of Tungsten hexa-carbonyl ( W ( C 0 ) 6 )  gas was not sufficient to remove 
carbon atoms and to form crystalline tungsten deposits compared to the energy of 
i-beam. In addition, when the I-V measurements with only a tungsten pad bridge 
between the gold electrodes were carried out to reveal the I-V characteristics of tungsten 
pads, the deformation of tungsten pad occurred in the middle, as explained in Section 
3.2.3.3. It appears that the high resistivity of the tungsten pads led to an 
electro-migration which occurred due to the poor current carrying capability of the 
tungsten pad [15]. However, according to the SEM analysis, the shape of the tungsten 
pads deposited on the carbon nanotubes did not change during the I-V measurements of 
the CNTs. Therefore, it is natural to consider that the current was increased by a 
mechanical effect rather than considering an increase of the carrier transport through the 
tungsten pads. The tungsten pads seem to push down the carbon nanotubes onto the 
gold electrodes, which resulted in an increase of contact areas between the carbon 
nanotube and the gold electrodes. A similar discussion was also reported by Tersoff [16]. 
It was considered that the 10  ^ to 10  ^ Q resistance of carbon nanotube devices typically 
originate from extrinsic factors such as poor coupling between carbon nanotubes and 
electrode metals. It is reported that the resistance decreased by one or two orders of 
magnitude by welding the nanotubes or covering the nanotube with metal films which 
resulted in the pressing down of carbon nanotubes to the electrode metals [10-12]. In
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our measurements, the devices still have several hundred kQ at the low electric fields 
after the tungsten pad deposition. More optimisation work on the improvement of 
contact resistances such as annealing o f the device, thicker tungsten pad depositions 
appear to be necessary.
6.1.4 Conclusions
To obtain suitable I-V characteristics for carbon nanotube devices, optimisation 
o f work on the measurement technique and the device structure is required. In this 
section, establishment o f the measurement techniques and improvement o f I-V 
characteristics o f carbon nanotube devices is explained by modifying the measurement 
system and electrode structures o f the devices.
As an initial process, I-V measurements o f the devices were carried out in air 
by using a conventional probe station. However, the results show almost no current 
conduction and rapid failure o f the carbon nanotubes. Such phenomena occurred even 
with high quality single wall carbon nanotubes. By changing the measuring 
environment from air to vacuum, stable operation for the devices was obtained. It was 
concluded that the sensitivity o f the carbon nanotubes to the oxygen in the atmosphere 
and the heat generated by the high resistance at contacts (joule heating) is likely to have 
caused the failure o f the devices.
Au, Pd and Cr electrodes were tested to see if they were suited for carbon 
nanotube devices. Among them, Au enables easy patterning of carbon nanotube devices 
and the highest electrical current capability. By considering the results, it was concluded 
that Au was the best material for the carbon nanotube devices.
Subsequently, to reduce contact resistances, electrode structures were changed 
by depositing tungsten pads on the carbon nanotubes where they were sitting on the 
electrodes. By depositing the tungsten pads, the two-terminal resistance o f the devices 
were decreased to a few hundred kQ. The tungsten pads have a mechanical effect on the 
carbon nanotubes by pushing them down onto the Au electrodes, resulting in expanding 
the contact areas between the carbon nanotubes and the Au electrodes. In the following 
section, the Au electrode and the tungsten pads were mainly used for the I-V 
characterisation o f carbon nanotube devices.
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6.2 Conduction mechanism
Using the optimised device structure shown in Section 6.1, I-V characterisation 
of carbon nanotubes grown with TCVD was carried out under vacuum. To avoid 
destroying carbon nanotubes by large electric currents, the measurements were initially 
conducted with a low drain bias in the mV range. The results are shown in Section 6.2.1. 
After the measurements, the drain bias was increased up to 12 V to reveal the 
conduction mechanism of carbon nanotubes as shown in Section 6.2.2. Finally, 
conclusions to the discussion is shown in Section 6.2.3
6.2.1 I-V measurements with varied gate length at low drain bias
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Figure 6.14: Typical output characteristics o f  carbon nanotube FET measured with varied  gate  
bias and low drain bias. The left hand side figure shows the characteristics with variations o f  gate  
bias. Gate length was fix ed  at 800 nm. No f ie ld  effect was observed. The right hand side figure shows 
the characteristics o f  drain, gate and source current measurements, while a 25 V gate bias was 
applied. The drain and source current shows symmetric characteristics, which suggest leakage 
currents though gate insulator does not significantly affect the other currents measured.
The carbon nanotubes were dispersed on the silicon oxide/p^^ silicon wafer. 
Therefore, the silicon wafer can be used as a bottom gate electrode. To measure the 
three terminal devices, the nano-manipulation system attached to the focused ion beam 
was used. A glass plate was inserted between the device and the stub of the FIB to 
insulate the device from the grounded stage in the FIB system.
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Figure 6.15: Conductance V5. drain bias obtained from  the differential o f  the I-V characteristics o f  
Figure 6.14. The conductance was typically f la t in the range and o f  the order o f  1 O'' to 10'  ^S.
A  typical I-V characteristic of carbon nanotubes measured with three terminals 
is shown in Figure 6.14. The gate length o f the device was fixed at 800 nm. When a low 
bias was applied to the drain electrodes, the I-V characteristics typically show straight 
line behaviour and no field effects, even when the gate bias was varied to ±25 V, as 
shown on the left hand side of Figure 6.14. In addition, according to the symmetric 
characteristics shown on the right hand side of Figure 6.14, the leakage current through 
the gate insulator did not affect the drain and source currents unduly. According to the 
TEM measurements, the nanotubes grown in this project have typically multi walled 
structure. In addition, the diameters of the carbon nanotubes observed ranged from 10 to 
20 nm. Therefore, it seems that the nanotubes have metallic characteristics, and an 
Ohmic contact with Au and W pad electrodes. The conductance of the carbon nanotube 
FET was estimated from the I-V characteristics of Figure 6.14 measured at V qs = 0 V, as 
shown in Figure 6.15. The values of the conductance measured at low drain-source bias 
varied in the order of 10"^  to 10'  ^ S and the conductance shown in Figure 6.15 is the 
highest value obtained in this project. If we assume the nanotubes behave as ideal 1 D 
conductors and have Ohmic contacts with the electrodes, then they exhibit ballistic 
conductance with ideal quantum conductance Go =2e^/h = 77.5 pS. The values of 
conductance obtained in these experiments are far below the ideal value: about 0.3Gq. If 
the carbon nanotube formed Ohmic contacts with the electrode metals, it would be
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considered that the electric conduction in the CNT device was dominated by diffusive 
processes rather than a ballistic mechanism. According to Poncharal et al. [6], similar 
flat conductance was observed at low drain bias, which is possibly related to the Density 
of States (DOS) structure o f metallic carbon nanotubes near the Fermi level. However, 
the order of the drain and source currents are comparable with those of the gate current, 
and therefore, it is difficult to conclude much about the conduction mechanism at the 
present moment. To understand further the conduction mechanism, the drain bias was 
increased and results obtained are shown in the next section.
6.2.2 I-V measurements with varied gate length at high drain bias
The drain bias was increased up to 12 V to reveal the electrical conduction 
mechanism. Figure 6.16 shows the output and transfer characteristics o f carbon 
nanotube FETs. The gate current remained constant at a value o f the order of 10'^ A as 
shown in Figure 6.14, however, the drain current increased to the order of 10'^ A. No 
field effect was observed even when the drain bias was increased as shown in Figure 
6.16. In addition, hysteresis curves sometimes appeared as shown on the left hand side 
Figure 6.16. Such hysteresis characteristics were observed when the measurements were 
made by sweeping the bias voltage from negative to positive. When the voltage was 
swept from 0 only to positive bias and back, the current remained high, as shown in 
Figure 6.17. Hysteresis appeared only in the positive drain bias region (i.e. the first 
quadrant in Fig. 6.16). We considered this a result o f a charging effect due to the high 
drain bias on the device, which has slightly asymmetric structure. This could be 
explained by the presence o f oxygen-passivated defects in the carbon nanotubes. The 
defects lose oxygen at negative voltages becoming active, therefore, the current 
decreased when the drain bias was varied from negative to positive.
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Figure 6.16: (L) Output and (R) transfer characteristics o f  carbon nanotube FET measured with 
high drain bias. Gate length was 750 nm. Non linear characteristics were observed with the output 
characteristics, although no f ie ld  effect was observed as shown in the output and transfer 
characteristics.
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Figure 6.17: Drain current characteristics shown only in the region o f the positive drain bias. A lower 
drain current appeared when the drain bias was swept from negative to positive, while higher drain 
current appeared when the drain bias was swept in the first quadrant only (see f ig  6.16) from 0 to positive. 
That is indicating the charging on the system resulted in the difference o f the drain currents.
Figure 6.18 shows I-V and G-V characteristics of the carbon nanotubc FET 
with the drain bias further increased. The drain current was increased to about 80 |iA at 
Vds = 8 V. In addition, the characteristics show non linear behaviour. The conductance 
shown on the right hand side of Figure 6.18 also shows non-linear characteristics. The 
conductance increased almost linearly in the region of < 1.5 V and step like
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increases appeared at the higher drain bias. The linear increase of the conductance at 
low drain bias regime was often observed, and discussed as a relation o f DOS [8]. On 
the other hand, the saturation at high drain bias is explained as scattering. As the drain 
bias increases, electron-phonon scattering dominates the conduction, therefore, the 
increase o f conductance was suppressed. However, in this experiment, a step increase 
characteristic from 0.09Go to 0.15Go was observed at 1.5 < |Tg |^ < 6 V. This suggests a
presence o f a barrier in the conduction system. With regard to the one dimensional 
structure o f carbon nanotubes, step like increases o f conductance induced by van Hove 
singularities are considered [8]. However, the step widths o f DOS in a carbon nanotube 
are about - 1 0 0  meV for the diameter: 14 nm and -  1.3 eV for the diameter: 0.8 nm. 
Therefore, compared to the drain bias region where a step appeared in this experiment 
and if we assume the step was induced by the one-dimensional DOS structure of carbon 
nanotube, then we have to consider that the high contact resistance possibly caused a 
magnifying effect o f the conductance characteristics. Most o f the drain bias was 
dropped at the contacts, therefore, the steps appeared at the higher electric field. 
However, the step structure of conductance is normally smoothed by the thermal 
activation which means it is difficult to conclude that step was induced by the van Hove 
singularity at room temperature.
As another possible explanation, the device prepared in this study has slightly 
complex structures compared to the other reported devices [1,8]. The carbon nanotube is 
sandwiched by Au and W electrode. In addition, the CVD grown carbon nanotubes 
typically have defective structures. Such disorder in the system can lead the additional 
barriers in the conductor that can result in the step increase o f the conductance.
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Figure 6.18: (L) 1-V characteristics o f carbon nanotubes when subject to high drain bias, p lotted on a 
linear scale. The characteristics show weak hysteresis and symmetric curves. (R) Conductance vs. drain 
bias in quantum conductance units. The conductance was estimated by the first differential o f the 
smoothed drain current, which is divided by the inverse value o f  the quantum resistance 12.9 kü. The 
conductance was still fa r  below the value o f  2 which suggests the conduction mechanism in carbon 
nanotubes is dominated by the diffusion processes even at high electrical fields in our experiment.
To discuss the conduction mechanism, the curve was fitted with the function:
(6.1)
where the parameters A and B, are integers. By estimating the value of parameter B, the 
conduction mechanism can be discussed using standard theories, which are often 
observed in traditional devices [17]. The following are examples of typical conduction 
mechanisms in materials.
•  Schottky Emission (insulator): J  ccT^ exp(+ a^^V/ T -  )
log Joe logT^ +(<3VËlT]\oge-{q(l)i^lkT)\oge
•  Schottky Emission (m-s junction): J  Qxp{+aVjT -  q(/)^lkT)
log Joe log 7^ F{aVlT)\oge-{q(l)^lkT)\oge
•  Poole-Frenkel Emission: Joe F Q x p i + l a y f v - q(/)^/kT^
•  Tunnel or Field Emission: J  ccV^ exp(- b/V)
•  Space-charge limited: J  oe
•  Ohmic: J  oe F exp(-c/T )
According to the fitting results obtained in this experiment, the parameter B 
varied from 1 to 2.5. Therefore, it is difficult to explain with only one of the above
152
Fiimitaka Ohashi I-V  characterisation o f  CNTs grown using TCVD
conduction mechanisms which is the dominant mechanism. In addition, to explain the 
conduction mechanism based on say Schottky emission and Poole-Frenkel emission, 
there has to be an energy band gap around the Fermi level o f the carbon nanotubes. 
However, the I-V characteristics with a variation o f gate bias show metallic behaviour. 
Therefore, it is more natural to consider that the conduction mechanism which causes 
the non-linear characteristics is due to some specific characteristics o f carbon nanotubes 
or the device structure.
R c R nt R c — 0
Figure 6.19: Schematic image o f  series resistance o f  CNT-device between source and drain electrode. 
The Rc and Rnt express resistance o f  contacts and carbon nanotubes, respectively.
To understand the mechanism further, we looked for a way to estimate the 
magnitude o f the contact resistance. Figure 6.19 shows a schematic image o f the 
resistance circuit o f a carbon nanotube and its contacts. The resistances at the contacts 
(Rc) and the carbon nanotube (Rnt) itself are considered to be connected in a series 
structure. If  the resistivity of the carbon nanotube and contact resistance do not vary 
with the drain bias, then the contact resistance can be roughly estimated by substituting 
the resistance o f a carbon nanotube. To estimate the contact resistance, I-V 
measurements o f varied gate length carbon nanotubes were carried out. Initially, a 
carbon nanotube FET with about a 4 pm long gate length is prepared using an identical 
procedure to previous devices, apart from the wide milled gate. Another device o f the 
same structure as before but with the gate length shortened by depositing tungsten pads 
using FIB is then examined. Thus the gate length can be varied in a pre-determined way.
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6.2.2.1 I-V measurement of a CNT-FET with a long gate length
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Figure 6.20: SEM images o f a measured CNT device (L) before and (R) after tungsten p a d  deposition. 
The gate length was about 4.2 pm. The nanotubes brigding the electrodes appears to be a bundle.
Figure 6.20 shows SEM images o f (L) before and (R) after the deposition of 
tungsten pads. The gate length was about 4 pm, which is about 5 times longer than the 
typical devices. The image shows a bundle structure o f carbon nanotubes. Therefore, it 
should be noted that the resistance would be smaller than the actual resistance of carbon 
nanotubes.
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Figure 6.21 (L) I-V characteristics o f the CNT-FET with a variation o f  measurements. The current was 
increased as the measurements were repeated. Conditioning such as curing or better coupling o f contacts 
might occur as the measurements progress. (R) Conductance V5. drain bias. The conductance was 
increased as the measurements were repeated. In addition, clear dropping o f the conductance were 
observed at | VjJ\ > 3 V. (Phonon) Scattering might become a dominant mechanism at these high electric 
biases.
154
Fumitaka Ohashi 1-V characterisation o f  CNTs grown using TCVD
0)
E
2
CÜ
CL
4
-1 .40
-1 .35
3
Fitting function: y = A * x
Fitted region: 0 < < 4 (V) -1 .30
2 -1 .25
- 1.20
1
01:0000:5000:4000:30
3
CD
O
00
Measured time (hh:mm)
Figure 6.22: Fitting parameter Versus measured time fitted  at 0 < Vq < 4 (V). As the measurements 
were repeated the parameter B decreased, showing the characteristic changed from non-linear to linear 
behaviour. The change occurred due to a conditioning o f the carbon nanotube.
The left hand side of Figure 6.21 shows I-V characteristics o f a carbon 
nanotube FET as a function of measuring time. When repeating the experiments, the 
measurement condition was kept constant, and all measurements were carried out 
simultaneously. The drain current was slightly increased as the measurement was 
repeated. The right hand side o f Figure 6.21 shows the conductance of the device as a 
function of measurement number. As the measurement was repeated, the current 
characteristics changed from nonlinear to linear behaviour. Figure 6.22 shows 
parameters A and B vs. the measurement time. Parameter B decreased from 1.4 to 1.2 
while parameter A increased from 2 to 4.
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Figure 6.23: Output characteristics o f  CNT-FET with a  long-gate length m easured after the 
characteristics were stabilised.
The I-V characteristics finally stabilised as shown in Figure 6.23. Because of 
the slight change in characteristics when the measurements were repeated, it is 
concluded that the conditioning of carbon nanotubes induced the variations in the drain 
current rather than having a field effect due to the gate bias. Therefore, it is considered 
that the defects and surfactant which are changing the measurements might affect the 
shape of the I-V characteristics of carbon nanotubes. Comparing the values of 
conductance, they were almost similar or slightly smaller compared to typical values o f 
devices whose gate lengths are about 800 nm. However, due to a larger variation of 
conductance depending on the devices and bundled structure o f the carbon nanotubes, it 
was impossible to estimate the contact resistance from the resistivity o f this carbon 
nanotube device.
6.2.2.2 I-V measurement of a CNT-FET with a short gate length
As explained before, the gate length was shortened by depositing tungsten pads 
as extending from one side of the Au electrodes. Figure 6.24 shows SEM images o f the 
procedure of gate shortening. Rectangular shaped tungsten pads with the size o f 500 x 
200 nm were firstly deposited on the carbon nanotubes and the Au electrode to improve 
the contacts as discussed previously. After several I-V measurements, another tungsten
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pad was deposited on the top side o f the electrode as the gate length was shortened by 
about 100 nm, and 1-V measurements carried out. The process o f the tungsten pad 
deposition and 1-V measurements was repeated until the 9^  ^tungsten was deposited and 
clear structural changes were observed on the device after the 1-V measurement. Black 
arrows in Figure 6.24 show the point where the gate length was estimated, and the 
values and the tungsten pad number is shown below.
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W1 and 2: 1070 nm W3: 790 nm W4: 680 nm
W5: 600 nm W6: 510 nm W7: 410 nm
W8: 330 nm W9: 240 nm
Figure 6.24: SEM images o f a CNT-FET W pads were deposited on the top o f CNTs as a function o f  
shorting the gap length from the top side electrode. A deformation appeared after tungsten pad  number 9 
(W9) was deposited and electric currents were conducted. In addition, the bottom side electrode was 
expanded as the tungsten p a d  deposition was repeated. The tungsten was deposited not only on the top 
side electrode but also on the bottom side electrode (and possibly on the CNT and around that area too 
for this extreme care). The white bars are 500 nm
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Figure 6.25: Schematic diagram o f  the gate length shortening process by the deposition o f  
tungsten pads. A t first, tungsten pads No I and 2 were deposited  on Au and the carbon nanotube. 
However, due to the carbon nanotube not being in contact with the top side electrode, the conduction  
current remained small. After the tungsten deposition, the current started  to increase dramatically. 
The subsequent shortening procedure is shown in the images that folloM’.
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Figure 6.26 shows I-V characteristics o f the carbon nanotubc FET with no gate 
bias applied. The gate length was shortened from 1070 nm to 240 nm. As shown in the 
left top image o f Figure 6.24, the nanotubc appears not to touch the top side o f the Au 
electrode. Therefore, the current after tungsten pad deposition 1 and 2 remained small, 
o f the order o f 10'^ A. After the deposition o f tungsten pad No. 3, the current increased 
dramatically as the gate length was decreased. Figure 6.27 shows conductance changes 
as a function o f gate length. The conductance increased non-linearly as the drain bias 
increased. The maximum value obtained in this experiment was about 1 mS which is 12 
times larger than Go and the maximum value expected for ballistic conduction. This is 
indicating that multi-channel conduction may have occurred due to a cooperation o f the 
bundled structure, the sub-band and the inner shell o f the carbon nanotube. As the gate 
length decreased, the electric field between the drain and source electrodes increased. 
The higher electric field resulted in the increase o f channels in the sub-band and inner 
shells as described in Section 2.1.3.
As shown in Figure 6.27, the conductance characteristics were very symmetric 
although the device structure was not. It is suggesting the contact between the carbon 
nanotube and tungsten pads affect the I-V characteristics rather more than the contact 
between the carbon nanotube and Au electrodes. This result looks contradictory to the 
discussion o f Section 6.1.3. According to Kerr et al, the tungsten deposited by e-beam 
changes the structure o f the bridge by allowing high current conduction on its metal 
surface [14]. Therefore, a slight structural change on the surface o f the tungsten possibly 
occurred, especially at the point of contact between carbon nanotube and tungsten pads, 
which now are capable o f sourcing high current density.
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Figure 6.26: I-V characteristics o f CNT-FET with the variations o f  number o f deposited JV pads. As the 
gap length decreased, the current increased dramatically. The increase o f tungsten pads results in a 
decrease o f  the gate length. In addition, the very thin tungsten film s were supposed to he deposited on the 
top o f carbon nanotubes or around that area, which might cause an exponential increase o f  conduction 
area. The current reached 0.7 mA, which is the maximum current ever obtained in this work from the I-V  
measurements o f CNT devices.
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Figure 6.27: Conductance vs. Drain bias with a variation o f  a gate length plotted on a linear scale. As 
gate length decreased, the conductance increased dramatically. The conductance reached about I mS at 
±2 K/.
To discuss the gate length effect, the conductance was plotted as a function of 
gate length with a variation o f drain bias as shown in Figure 6.28. The conductance 
increased linearly when the gate length was shorter than about 500 nm. The intercept of 
the fit to the linear part expresses the maximum conductance when the resistance of
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carbon nanotubes were assumed as 0 Q due to the zero length. According to the fitted 
equation, the smallest contact resistance was about 300 Q. at each contact, which is far 
below the quantum resistance. However, the value of the intercept varied with drain bias. 
If the conduction mechanism of carbon nanotube is diffusive and the number of 
conduction channel, the resistivity of the carbon nanotube and the contacts are constant 
with drain bias, the intercepts have to be o f similar value, while the magnitude o f the 
gradient of the linear fit becomes smaller as the drain bias increases. However, as shown 
in Figure 6.27, the conductance increased dramatically with the drain bias. Therefore, if 
the contact resistance does not decrease with drain bias, we concluded that the contact 
resistance should be at most 300 Q. In addition, it is concluded that the conduction 
mechanism o f the system is not dominated by the contact resistance, but the conduction 
mechanism of the carbon nanotubes.
1000 -
^ 8 0 0 -
^  600 
g
3  400-
■ac
O  200-
0-
Drain bias 
- ■ - 0 . 5  (V)
—• — 1.0 (V)
- A - 1.5 (V)
- ▼ -1 .9 ( V )
 Linear fit at = 1.9 (V)
y =  1640 .95-2 .98*  X
-$
O
12 o3
Cl
10 cO
m8 3O
(D6
O
4  ‘ ■N)
CD2 3-
0
200 300 400 500 600 700
Gate  Length (nm)
800
Figure 6.28: Conductance at V^s = O.J, 1.0, 1.5 and 1.9 (V) vs. gate length. Linear increase o f  
conductance was observed in the region o f  gate length below 500 nm. If  the conduction was dominated by 
a diffusive process in the carbon nanotubes and the contact resistances Rc was kept constant as the gate 
length decreases, it follows that the increase o f  gate conductance was caused by the increase o f electric 
fie ld  applied to the carbon nanotubes. The linear region was fitted  with the intercept value o f 1640 pS. 
The value expresses the maximum conductance while if  0 f l  and if  the Rc was estimated as a
constant on the top side electrodes, we extend the equation to give;. 2Rc = (1640 * lO'^ ’f '  = 609 O, Rc = 
305 0.
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F igure 6.29: Fitting param eter B vf. gate length with f i tte d  line fo r  the param eter B. Fitting param eter 
B decreased linearly as gate length increased. The param eter o f  B w as estim ated by fittin g  equation (6 .1). 
The param eter B shows g o o d  agreement with other values o f  param eter B obtained from  other devices 
measured in this project as p lo tted  with red  circular dot.
Figure 6.29 shows a plot o f fitting parameter B obtained from the device on 
which the gate length was shortened by the deposition o f tungsten pads as a function of 
gate length. Red dots show the parameter B obtained from other devices prepared in this 
project. The tendency of the parameter was fitted by a linear plot as depicted with red 
line in Figure 6.29. With regards to the fitted result, equation (6.1) was modified as 
follows;
7  ^ (6.2)
where Lq expresses gate length. The Lq is not a function of Vds , and equation (6.2) was 
partially differentiated by Y ds as shown in equation (6.3),
g  =  =  ( -  0 .0 0 2  * -L 2 .9 2 )*  .4 * 002.4,+! 92)
dV,
(6 .3 )
To estimate the value of A, the value of conductance g  and Lg when Yds = J (Y) was 
introduced into the equation (6.3). Then, the parameter A was calculated as follows; 
g  = 60.689 (pS) at Zg = 510 (nm), then 4^ = 31.9415 
g =  125.1815 (pS) atZ c = 410 (nm), th en ^  = 59.6102 
g  = 190.716 (pS) at Zg = 330 (nm), then A = 84.3876
With the regards of the estimated values, the drain current Id was plotted as shown in 
Figure 6.30.
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Figure 6.SO: F V  characteristics o f  estimated equation and experimental data. Fitted values show 
agreement o f  the characteristics obtained the experiment.
Equation (6.3) describes the dependence of the conductance o f the device on 
the gate length Lq and drain bias Vds- To explain the phenomena, several possibilities 
are considered. One is the specific Density O f States (DOS) characteristics of carbon 
nanotubes. The DOS of a (n,m)=(30,30) nanotube is shown in Figure 6.31. A typical van 
Hove singularity gives a diverse shape for the DOS. The number of the kinks increases 
with increased diameter o f nanotubes. When the DOS is smoothed the characteristics 
shows almost linear increases which result in a similar increase o f conductance [6]. If 
the conductance increases linearly with voltage, the current increases with the parameter 
B = 2 power law. However, the actual results shown that the parameter B varied from 1 
to 2.5, which suggests additional factor have to be added to explain the conduction 
mechanism with a power law greater than 2.
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Figure 6.31\ Density Of states (DOS) versus energy o f  carbon nanotube. The DOS was estimated by a 
calculation o f tight binding method o f  (n,m)=(30,30) single wall nanotube. DOS o f multiwall carbon 
nanotube is typically estimated with the sum o f  DOS o f inner nanotubes. The diverse structure is known 
as van Hove singularity which is obsei-ved in one dimensional materials. The diverse point increases with 
diameter o f nanotube.
The nanotubes grown by CVD methods are typically defective compared to 
nanotubes grown with other method such as arc-discharge [1]. The defects in the carbon 
nanotubes work as scattering points that means the distance for electron mean free paths 
become shorter. Therefore, it is very difficult to obtain ballistic conduction from the 
CVD grown carbon nanotubes. According to the TEM measurement and Raman 
analysis, our nanotubes appear to be defective and not as well crystallised as 
arc-discharge grown carbon nanotubes. However, in this experiment, the gate length 
was shortened to 240 nm, which is a similar length of the mean free path of 
semiconducting carbon nanotubes found by Schonenberger et al.[6,18]. In addition, in 
the case of low contact resistance, the decrease of the gate length resulted in the increase 
o f accessible channels M (the number of 1 D sub-band: see Section 3.1.2). Moreover, 
high electric bias possibly enables the electric current to conduct via the inner tubes. 
Because of the defective structure, the tungsten deposit may have reached inner tubes at 
the contacts, which resulted in the increase in the number of conduction channels. Due 
to the short gate length and the defective structure, this results in an increase of the 
number of conducting channels M with a high electric bias in our material.
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Figure 6.32: Resistance vs. gate length with fitted  value. The characteristics were fitted  with the 
equation shown in the figure. Due to the poor fitting characteristics depicted with pink line o f which 
fitting was conducted in the whole region: L = 240 -  790 nm, additional fitting carried out in the 
region: L = 240 ~ 510 nm as shown with red line.
Another possible explanation is that localisation of the wave function of 
electrons occurred in the carbon nanotubc. According to equation (2.6), the resistance of 
the carbon nanotubc changes with the Lg when localisation occurs in carbon nanotubes. 
In addition, Jang et al. [19], reported a weak localised transport property obtained from 
TCVD grown carbon nanotubes and the conductance increased as the temperature of 
devices increased. To analyse the possibility of the localisation, equation (2.6) was used 
for fitting of the obtained value as shown in Figure 6.32. However, when the fitting was 
carried out in the region Lg = 240 ~ 790 nm, large differences between the experimental 
value and fitted value were observed in the smaller Lg region. Therefore, fitting Lg 
region was shorten to Lg = 240 ~ 510 nm to obtain better results as shown as red line in 
Figure 6.32.
Due to the defective structure o f the CVD grown carbon nanotubc, when the 
gate length was enough long Lg > -500 nm »  Lç, L„i, classical transport dominated the 
conduction mechanism. A decrease in Lg resulted in the gradient of the resistance 
decreasing. As the Lg decreased the length scale possibly approach to the scale of Lç 
and/or Figure 6.33 shows the Lc estimated from the fitted equations obtained from 
Figure 6.32. When the L q  was estimated from the whole of L g  depicted in Figure 6.32,
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the Lc was about 100 nm did not vary with the drain bias (pink dots in Figure 6.32). 
This phenomenon occurred possibly due to the localisation equation was fitted as the 
difference between the experimental value and fitted value become small. Therefore, 
when the resistance increase exponentially with the Lq and plotted in log scale, the 
fitted value at short gate length looks to have poor fitting. This is suggesting that when 
the Lg is enough long compared to the actual Lc, the estimated value from the plot with 
fitting of the equation (2.6) can be considered as unsuitable. On the other hand, when 
the Lg was estimated from the region: Lg = 240 -  510 nm, the Lc decreased as the drain 
bias increased (red dots in Figure 6.33). This possibly occurred the high drain bias 
induced an increase of backscattering like optical phonon scattering and/or zone 
boundary phonon scattering. Therefore, was decreased so that the Lc decreased..
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Figure 6.33: Localisation length VS applied drain bias. The localisation length was estimated by the 
fitted  equations obtained from Figure 6.32 Two series o f localisation length was estimated from two gate 
length regions.
When the resistance value in the region Lg = 240 ~ 510 nm was used, the Lc 
was ranged from 255 to 485 nm. These value is comparable with the Lc =_~300 nm 
reported by Jang et al. In addition, Lm was also estimated from the Lc, channel number:
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M = 12 obtained from Figure 6.28 and equation (2.7). The Lm was ranged 21 ~ 40 nm. 
These values are also good agreement with the value Z,„ = ~ 60 nm at room temperature 
reported by Schonenberger et al. [18].
NT
O  R| - oStraightBend
Au Au
SiOx
Figure 6.34: Schematic image o f a carbon nanotube device with a bending point and straight point.
Bent nanotubes have been shown to exhibit changes in the current 
characteristics by Gupta et al.[20]. A cross sectional view o f prepared carbon nanotube 
devices is schematically shown in Figure 6.34. In this experiment, the tungsten was 
deposited such that it was reducing the straight part of the carbon nanotubes. Therefore, 
the part which has a smaller parameter B, was reduced, and, thereby influences of the 
bent part of the carbon nanotube were as described in equation (6.4) and (6.5).
1
2Rc F Rgend S^traight
When Rstraight 0  then, 
1
2Rc F Rgend
(6.4)
(6.5)
However, as depicted in Figure 6.24, the tungsten was deposited not only as a 
rectangular shape but also as a film structure around the carbon nanotube device. It also 
increases the conductance of the devices. However, Kerr et al. reported the current 
characteristics become linear when sufficient current was conducted through the 
tungsten pads which also resulted in structural change of the pads [14]. In our
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experiment, a shape change o f the tungsten deposits was observed when the gate length 
was 240 nm. It is suggesting that the current also conducted through the tungsten films 
deposited around the tungsten pads or heat generated by high current conduction 
through the carbon nanotube caused the deformation of tungsten pads. On the other 
hand, Poncharal et al. reported conditioning o f the carbon nanotube occurred by dipping 
carbon nanotubes in a liquid metal electrode [6]. Similar processes possibly occurred by 
covering the carbon nanotube with tungsten, which resulted in the removal of 
amorphous carbon from the surface o f carbon nanotube and the consequent 
improvement of conductance.
In addition, one more thing we should note is that this experiment enables to 
measure a single carbon nanotube with a variation o f gate length. The localisation is 
typically observed by changing the substrate temperature or applying magnetic field. 
However, in this case, the transition of conduction mechanism were observed by 
changing the gate length without exposing the device to air..
6.2.3 Conclusions
I-V characterisation o f carbon nanotubes grown by TCVD was carried out 
using the optimised device structure obtained in Section 6.1. Most of the devices show 
metallic carbon nanotube behaviour, with the conductance far below the magnitude 
compared associated with quantum conductance. When a low electric bias was applied 
between source and drain electrode, the conductance shows fiat characteristics which 
possibly originate from the fiat DOS structure o f metallic carbon nanotubes around the 
Fermi level. As the drain bias increases, the conductance increased almost linearly. 
However, the conductance was still far smaller compared to that o f quantum 
conductance.
To understand the electric conduction mechanism better, I-V measurements 
were carried out with varying device structures. When long carbon nanotubes were 
measured, the gradual conditioning o f carbon nanotubes was observed which is likely to 
be due to such long gate length. For a long carbon nanotube, the length is the significant 
contributor to the resistance, whilst the defects tend to be having a minor contribution, 
leading to Ohmic type behaviour (exponent tends to 1 for long tubes). As the nanotube 
is shortened, defects play an increasing role in the conductance such that the I-V
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characteristics deviate from linear. Conditioning of carbon nanotubes at lower energies 
resulted in less changes o f the surface structure, explaining the gradual changes in the 
I-V characteristics. When the gate length was shortened by using tungsten deposited 
FIB, the I-V characteristics changed following a power law with the exponent varying 
from 1.4 to 2.5. In addition, the conductance reached 12 times larger values than 
expected for quantum conductance, which is the maximum value obtained in this 
project. Such power law changes possibly occurred due to an increase o f conductance 
associated with an increase o f the DOS and increase o f electron conducting channels 
(such as sub-bands and the inner tube) and localisation o f electrons by the defectives 
carbon nanotubes. The value o f conductance is showing quasi ballistic conductance o f 1 
D material. However, the tungsten was deposited not only as a rectangular shape pads 
but also as films around the carbon nanotubes which is assumed to affect to the current 
conduction. Further experiments are necessary to reveal the influence o f tungsten 
deposition on the conduction mechanism o f carbon nanotubes.
6.3 Surface modification of the carbon nanotube
Carbon nanotubes are known as a good material for gas sensing because of 
their large surface area [8,9]. In addition, the band gap energy can be modified by 
creating kinks in the carbon nanotubes or deforming the carbon nanotubes [21-26]. The 
nano-manipulation system attached in the focused ion beam has great flexibility for 
testing the devices in different atmospheres. The focused ion beam system has several 
different gas injection systems enabling the formation o f metal and insulator pads. In 
this section, the surfaces o f carbon nanotubes were modified by a combination of 
tungsten pad deposition and by exposing the device to air, W(CO)ô gas, N 2 gas and 
e-beam radiation by using the dual-beam FIB microscope. The measurements explore 
the possibilities as an application for carbon nanotube devices.
The measurements were carried out using the same device structure as 
described in Section 6.1 and 6.2. Tungsten pads were deposited on the carbon nanotubes 
where they sit on Au electrodes to make sure good contacts are made between them. 
Before starting the following experiments, the I-V characterisation was carried out until 
the current behaved stably.
Before starting the tungsten depositions on the carbon nanotubes sitting in the
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middle of electrode gap, the influence o f the e-beam and exposing W ( C 0 ) 6  gas to the 
carbon nanotube was discussed in Section 6.3.1 to reveal effects o f the tungsten 
deposition by e-beam. Then, the tungsten deposition was carried out with varied shapes 
in Section 6.3.2. Finally, gas sensing measurements were carried out in Section 0
6.3.1 Preparation for tungsten line deposition
Before actual tungsten depositions are carried out on the carbon nanotubes, 
deposition was conducted on silicon oxide substrates to find out the physical limits of 
deposition dimensions using FIB. In addition, because o f the use of W ( C 0 ) 6  gas and 
e-beam exposure during deposition, the influence o f each exposure on the carbon 
nanotubes was studied separately to find out the affect on the conduction in carbon 
nanotubes. Section 6.3.1.1 explains the capability o f tungsten deposition size using the 
FIB when the pad dimensions become small like less than 50 nm. The influence of 
e-beam exposure is revealed in Section 6.3.1.2. Section 6.3.1.3 shows influence of 
e-beam and W ( C 0 ) 6  exposure, on the conduction o f carbon nanotubes.
6.3.1.1 Tungsten depositions on silicon oxide substrates
To create kinks in the middle o f carbon nanotubes between the electrode 
contacts, tungsten pads are deposited on the top o f carbon nanotube. Deposition 
conditions o f tungsten pads are basically similar to those described in Section 6.1.3. 
However, the size o f deposition area varied depending on the purpose of the experiment. 
The size o f tungsten pads deposited by the e-beam is controlled by the number o f times 
the beam passes across and the space between pass lines o f the scanning e-beam. The 
magnitude of current and accelerating voltage of e-beam, blur, defocus and dwell time 
were kept constant. If the passing number was 100, with the line space at 10 nm with a 
deposition width of 100 nm, the thickness of the pad is about 100 nm. As we increase 
the pass number, while other parameters were kept constant, the thickness o f the 
tungsten film is increased to 200 nm for 200 passes. However, if  the deposition width 
became comparable to the order o f the spot size o f the electron beam, then the pad 
structures do not become clear rectangle shapes as they are designed. The actual 
tungsten deposition occurs by depositing material decomposed from the W(CO)ô gas 
source by absorption o f primary electrons and secondary electrons. Due to the wide
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angle of the generated secondary electrons the actual deposited material spreads out 
around the area where the e-beam is exposed. Therefore, if the setting area of the 
depositions is very small, less than 50 nm wide, the deposited material spreads in a 
rounded shape.
Figure 6.35 shows the tungsten line deposition with fixed line space, but varied 
pass number for the e-beam. Settings such as dwell time, blur, defocus, line space, 
acceleration voltage and current were kept fixed at 200 psec, 0 pm, 0 pm, 1 nm, 5 kV 
and 0.4 nA, respectively. The number of passes was varied from 1, 5, 10, 50 and 100 
with the deposited material becoming thicker with an increased pass number. The edge 
of the deposited material also appeared rounded. When the pass number was below 50, 
a clear dot was observed at one end of the deposited pattern, which is related to the 
position at which the beam is parked between passes. According to the SEM analysis, 
when only one pass was used for deposition, no clear line shape was observed. 
Therefore, to make sure the actual deposition of tungsten, the number o f passes should 
be at least 5.
Figure 6.35: SEM image o f tungsten line deposited by varied pass number. The number in the figure 
shows the number o f the scanning pass while the deposition is by e-beam. Other setting values such as 
dwell time, blur, defocus, line space, acceleration voltage and current were kept as 200 psec, 0, 0, 1 nm, 5 
kV and 0.4 nA, respectively. The number o f  pass was variedfrom 1, 5, 10, 50 and 100. As the pass number 
increased, the shape o f the deposited tungsten became thicker and wider.
6.3.1.2 Effects of e-beam exposure to carbon nanotubes
To test the effect o f e-beam in adiation on carbon nanotubes during the e-beam
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deposition, two methods of e-beam irradiation were earried out. One is to use a line scan 
while a constant drain voltage stress was conducted to see the current change as a 
function of time. Another one is to use a SEM imaging as an area scan to compare the 
conductance of devices before and after the scan. Figure 6.36 shows an SEM image 
taken to see the influence of e-beam area scan on the conduction of a CNT-FET. The 
length of the carbon nanotube between the W pads deposited was about 2040 nm, and 
the length of the carbon nanotube between the Au electrodes was about 940 nm. The 
image was taken with about 900 horizontal e-beam scans, which means that the 
CNT-FET was exposed to e-beam scans with about 5 nm line spacing from top to 
bottom.
Figiire 6.36: SEM image o f a CNT-FET taken fo r an area scan o f  e-beam on CNT-FET. A carbon 
nanotube is bridging between two Au electrodes. Two rectangle shape deposits are tungsten pads to 
obtain better coupling between the carbon nanotube and Au electrodes. The length o f  CNTs between the 
tungsten pads and between the Au electrodes were about 2040 nm and 940 nm respectively. A 5 kV 
acceleration voltage and 0.4 nA current e-beam was used to take the SEM image. About 900 horizontal 
scans were conducted to take the image.
Figure 6.37 shows I-V characteristics of the carbon nanotube FET before the 
e-beam area scan. The device showed stable, linear and metallic conduction. The 
differential of the I-V characteristics showed flat conductance characteristics with the 
value of about 19 pS. After taking the SEM image of Figure 6.36, the current decreased 
to about half compared to that before the scan, and a gradual increase of the drain 
current was observed. However, the characteristics stabilised soon after starting the 
measurements as similar characteristies shown in the Figure 6.37 (a) but the magnitude
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of current remained at half the original value, i.e. a doubling o f the resistance. Therefore, 
it is suggesting that the change o f current after the e-beam irradiation did occur but not 
due to the field effect induced by the gate bias, but due to changes in the conducting 
surface o f carbon nanotubes. The electrons o f the e-beam, which also induces 
decomposition o f the precursor gas for the deposition, have typical energies o f about 1 
to 10 keV [27]. Therefore, it is reasonable to consider that the carbon nanotubes are 
damaged by the electron beam especially when they are defective.
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Figure 6.37: (a), (h) I-V and (c) G-V characteristics o f  a CNT-FET before and after an e-heam area 
scan, (a) The I-V characteristics o f  before the e-beam scan which show linear behaviour and no fie ld  
effects were obsetwed. (b) The I-V characteristics after the e-beam scan. The inset figure shows magnified 
characteristics o f the area surrounded by a dashed line rectangle. A gradual change o f the conductance 
was observed which is suggesting conditioning o f the carbon nanotube, (c) G-V characteristics o f  the 
CNT-FET before and after the e-beam area scan while no gate bias was applied. The conductance 
decreased after the scan.
To see the influenee of e-beam exposure on a very small area, a line e-beam 
sean was conducted on a carbon nanotube while a 5 mV drain bias was applied. The 5 
nA current of the e-beam was chosen because it is of the same magnitude for e-beam 
deposition. The e-beam scan was conducted as a vertical line taken across the carbon 
nanotubes, at the middle of the gap.
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Figure 6.38: (L) Drain current characteristics expressed as a function o f time and (R) a SEM image of 
CNT-FET used in this experiment. Constant drain bias (5 m V) was applied throughout the measurement. 
No obvious change in the current was observed before and after the e-beam exposure, which is suggesting 
the e-beam exposure does not seriously affect the conductivity o f carbon nanotubes.
Figure 6.38 shows the drain current characteristics as a function of time with an 
e-beam exposure and a SEM image of the CNT-FET used in this experiment. One pass 
of the e-beam line scan was conducted at 25 seconds. When the e-beam was exposed, a 
surge increase of the drain current was observed, and then the current decreased until of 
similar same magnitude of the current prior to the exposure. The amount of increase in 
the drain current was almost similar to the current of the e-beam. The same trend of 
current eharaeteristie is suggesting that serious damage induced in the carbon nanotubes 
during an area scan was not induced by the irradiation during the e-beam line sean. 
Compared to the results of the area sean, the damage by the e-beam line scan was very 
small, as it can not be seen as a change in conductance. But, the number of lines sean at 
a local point is larger than the average over an area scan. Bachtold et al. reported that 
the e-beam exposure makes better contacts where it irradiated the carbon nanotube 
sitting on the Au electrode [1]. They explained that the e-beam affected the electrode 
films and not the carbon nanotube which resulted in an increase of conductance by 
better soldering of the carbon nanotube with the electrode [1]. In our results, the effect 
was not observed, which was probably due to the weaker energy of our e-beam and 
most of the area where the carbon nanotube sits being hidden by the tungsten pads. The 
influenee of damage to the carbon nanotubes between the pads by e-beam was more
176
Fumitaka Ohashi I-V characterisation o f  CNTs grown using TCVD
evident.
6.3.1.3 Effects of carbon nanotubes exposure to W(CO)6 gas
To test the influence o f carbon nanotubes exposure to the W ( C 0 ) 6  gas, the gas 
was introduced while 50 pV, 500 pV and 5mV drain bias was applied. The drain voltage 
was chose so that the magnitude of the current is o f the order of the magnitude of the 
e-beam current. The W ( C 0 ) 6  gas was introduced through an injection needle in the FIB. 
The tip of the needle was placed 1 mm away from the CNT device. The gas injection 
was started at 100 seconds from the start of the measurement and kept on for 20 seconds. 
The experiment was carried out on the device as shown in Figure 6.36.
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Figure 6.39: Voltage stress to CNT FET with W(CO)g gas injection while = (a) 50 fiV, (b) 500 /jV 
and (c) 5 m Vwas applied. The blue shaded means the time interval when the gas was introduced. When 
the gas was introduced with 500 pV  and 5 mV drain bias was applied, slight changes in the electric 
current were observed. However, the magnitude o f  the current soon recovered after the gas injection was 
stopped. The results are implying that the gas affects the current conduction o f carbon nanotubes 
reversibly.
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Figure 6.39 shows the drain current characteristics as a function o f time. The 
blue coloured area means the term during the W ( C 0 ) 6  gas was introduced. When the 
gas was introduced while 500 pV and 5 mV drain bias was applied, slight changes in 
the electric current were observed. However, the change varied with the drain bias, 
which might suggest that the gas has different effects based on the magnitude o f the 
applied bias. But, according to the characteristics in Figure 6.39, almost no difference 
between the magnitude o f current before and after the gas injection was observed. The 
influence o f the gas on the carbon nanotube device was minimal once stopped. That is 
suggesting no actual change before and after the exposure occurred on the surface o f the 
carbon nanotubes.
6.3.2 Tungsten pad deposition on CNTs
The tungsten pads were deposited with two structures. One is a line structure as 
described in Section 6.3.1.1. Line scanning o f the e-beam was used for the deposition. 
Another method is a rectangle structure, which is using a similar deposition method to a 
tungsten contact pad. The rectangle shaped pads are formed by the area scan of e-beam. 
In the section, influences o f tungsten deposited as the shape o f the line structure was 
discussed with a variation of pass number which corresponds to the thickness o f the 
pads. On the other hand, in this section, rectangle shaped tungsten pads were used to 
discuss the influence of the deposition on the carbon nanotubes.
6.3.2.1 Tungsten depositions with line shapes on CNTs
Tungsten deposition, named W l, W2 and W3, with a line structure were carried 
out to observe the influence o f the depositions on the electric conduction o f carbon 
nanotubes. The deposition conditions o f the tungsten were similar to those described in 
Seetion 6.3.1.1, while the pass number was varied such as W l: 20, W2: 10, and W3: 
100. Other settings such as dwell time, blur, defocus, line space, acceleration voltage 
and current were kept as 200 psec, 0 pm, 0 pm, 1 nm, 5 kV and 0.54 nA, respectively. 
Figure 6.40 shows a SEM image o f the CNT-FET with the deposited tungsten line 
indicated with red arrows
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Figure 6.40: SEM image o f CNT device with tungsten line deposition. Tungsten was deposited as line 
structures while the pass number o f the deposition condition was varied like Wl: 20, W2: 10 and W2: 100. 
The black arrows pointing to where the tungsten lines were deposited. The length o f line was about 300
nm
Figure 6.41 shows drain current characteristics as a function of time. The black 
arrows in the figures show the time when the tungsten depositions were started. The 1-V 
measurements were conducted with Y d s  = 5 mV and Vq = 0 V. The currents decreased 
just after the tungsten lines were deposited. However, when the number o f pass was 20, 
the magnitude of the eurrent recovered after 10 seconds, whilst for the pass numbers 
were 10 and 100, the magnitude of the current was stable after the decrease. It is 
indicating that the deerease of current is not dependent on the number of passes which 
corresponds to the size o f deposited materials. There are two possible reasons why the 
currents decreased. One is the deposited materials changed the shape of carbon 
nanotubes. According to Giusca et al. the band gap can be modified by twisting or 
collapsing the earbon nanotubes [22]. Even for double wall carbon nanotubes, the 
electrie characteristies were changed from metallic to semiconducting by the 
deformations. In our experiment, a similar change might occur due to stressing o f the 
carbon nanotube by the tungsten deposit, and therefore, the conductance of the carbon 
nanotubes may possibly decrease.
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Figure 6.41: 1-V characteristics o f carbon nanotubes with tungsten p a d  deposition expressed as a 
function o f time. The e-bam line pass during the tungsten line deposition was varied fo r  (a) 20 (b) 10 and 
6^700.
Another possible reason of the current deerease is that the nanotubes were 
damaged by the e-beam during the deposition as shown in Section 6.3.1.2. Due to the 
indueing of defects on the carbon nanotube by the electron beam, the currents in the 
carbon nanotube decreased. The magnitudes of the decreased currents were from 7 nA 
to 10 nA and were unlikely to depend on the number of passes. The phenomenon is 
possibly indicating that the decrease of current was induced by the damage by the 
e-beam sean within the first few passes and unlikely to have been induced by 
mechanical stress of the tungsten deposits. If the band gap was modified by the 
deformation of the carbon nanotube, the decrease of the current will depend on the 
number of passes. Furthermore, the current recovered after 20 deposition passes, while 
no recovery was observed after the 10 pass deposition. This suggests that after 10 passes, 
the carbon nanotube is damaged or the conducting surface is affected by the gas and the 
deposit; after more passes, the thickness of the pad is protecting the nanotube from
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further damage by absorbing the e-beam radiation. As the deposit thickness increases, 
the tungsten-rich material of the contacts in the vicinity o f the tube-Au joint is improved 
by the irradiation, leading to a better contact and the subsequent recovery o f the current.
Output characteristics of the FET were measured before and after the tungsten 
depositions. Figure 6.42 shows the characteristies before and after the W3 deposition. 
Aecording to the results, no field effect was observed before and after the tungsten line 
depositions. However, a slight variation of the drain eurrent appeared after the 
deposition, which is due to the conditioning o f the carbon nanotube. The change 
stabilised after several output I-V measurements. The same phenomena were observed 
before and after the W l and W2 depositions.
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Figure 6.42: Output characteristics o f CNT-FET (L) before and (R) after the W3 deposition. Before the 
deposition, the output characteristics show no fie ld  effect, only metallic behaviour, the characteristics o f  
drain current was changed to unstable after the W3 deposition.
Each line deposition was carried out as the e-beam scans were repeated very 
close to the carbon nanotubes. Therefore, once defects were created at very weakly 
bound points of the carbon nanotubes by the e-beam scans, the current did not change 
significantly even when the e-beam pass was increased. Subsequently, conditioning of 
carbon nanotubes occurred driven by the electric current during IV measurements, after 
stopping the e-beam exposure. If the current decrease was induced by the stress due to 
the tungsten deposits, the changes would depend on the quantity of the deposited 
material on the carbon nanotubes. However, the changes were not dependent on the 
number of passes, and furthermore, the decrease of current recovered when the 20 pass 
deposition was conducted on the carbon nanotube. The current did not recover when the
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10 pass depositions was conducted. Therefore, we concluded that the current changes 
with the tungsten deposition were induced by the damage to the nanotube in the first 
few seans of the e-beam, with further passes inereasing the W proteeting the tube and 
also improving the actual W contact in the vicinity of the CNT/Au electrode junction.
6.3.2.2 Tungsten deposition with rectangle shapes on CNTs
To reveal the effects of tungsten deposition on the earbon nanotubes further, 
depositions with reetangle struetures were carried out. During the deposition of the 
tungsten as a rectangle shape, the scanning line of the e-beam during was shifted by 10 
nm as each e-beam scan was conducted on the substrates.
Figure 6.43: SEM images o f a CNT-FET. (a) a carbon nanotube indicated by a white arrow bridging 
between two Au electrode, shown with negative contrast, (b) CNT-FET with tungsten conctact pads, (c) 
CNT-FET with additional two tungsten pads in the middle o f  gap. The p a d  Wl ~ W5 are pointed with 
white arrows. The size o f  the tungsten pa d  W4 and W5 deposited in the middle o f the carbon nanotube 
was set as 70 nm x 500 nm. Actual size o f deposited pads were about 105 nm x 540 nm. To form  a 
rectangle shape o f the pads the e-beam was shifted with 10 nm line space during the deposition. 
Depostion condtions, apart from the size and line space, were the same as those o f W 1-3. White bars in 
the each figure are 200 nm long.
Figure 6.43 shows SEM images of a CNT-FET. The deposition conditions of 
the pads were same as those of Wl -  3, apart from the shape of the pads and line space 
of the scanning e-beam. The size of tungsten pads in the middle of the carbon nanotube 
was about 100 nm x 500 nm.
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noisy characteristics o f  the gate current, the leakage 
current from the gate did not affect the source and drain current. According to the characteristics o f  
figure (f), oscillations occurred with a period o f 0.8 eV on the drain bias axis.
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Figure 6.45 shows I-V characteristics of carbon nanotubc before and after the 
W4 deposition. Figure 6.45 shows I-V characteristics of the CNT-FET after the W5 
deposition and several I-V measurements at high drain bias. The characteristics at high 
electric bias are discussed in the following section. In this section, the effect on the 
tungsten pad deposition on the carbon nanotubes is mainly examined.
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Figure 6.45: Output and transfer characteristics o f  CNT-FET after tungsten p a d  depositions in the 
middle o f  a carbon nanotuhe. (a) Output characteristics after IV5 depositions, (b) Output and (d) transfer 
characteristics after JV5 depositions andseverall-Vm easurem ents, (c) Transfer characteristics after IV5 
deposition and several I-V measurements. No obvious difference was observed by the W5 depositions, the 
magnitude o f  the drain current remained o f the order o f  10'^° A. After the W5 deposition and several I- V 
measurements, the drain current recovered to the 10'  ^ Due to the fla t 1-V characteristics shown in the 
figure (e), the variations o f the drain current in the figure (d) occurred as a result o f the conditioning o f  
the carbon nanotube.
Before the tungsten pad deposition in the middle of the carbon nanotube, the 
I-V characteristics show no field effect and typical metallic behaviour as shown in 
Figure 6.45 (a) and (b). The unsymmetrical transfer characteristics in Figure 6.44 (b) 
were possibly induced by the conditioning of the carbon nanotubes. When the I-V
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measurements were conducted just after the W4 deposition, the magnitude o f the drain 
current decreased from 10’^  to lO’^^ A at V d s  = ±2 V and still no field effect was 
observed as shown in Figure 6.45 (c) and (d). The I-V characteristics showed a low 
current after the W5 deposition (Figure 6.45 (a)). In addition, weak oscillations and 
hysteresis characteristics appeared after the W4 depositions. Figure 6.45 (Q shows the 
conductance characteristics obtained from Figure 6.45 (c) and Figure 6.45 (g) shows the 
first derivative o f Figure 6.45 (d). The oscillations are clearly observed on both 
characteristics. The oscillation characteristics had approximately 10 pA amplitude and 
0.8 V and 3 V voltage periods, respectively, according to the source current 
characteristics o f Figure 6.45 (f) and (g). After the W5 deposition, the I-V characteristic 
did not change shape but the steps were 2% out o f phase. However, the drain current was 
increased by the order o f about 10‘^ A at V d s  = ±2 V after several I-V measurements, 
while the drain bias ranged between ±2 and ±10 V, as shown in Figure 6.45 (b). After 
the I-V characteristics were stabilised, transfer characteristics show flat drain current 
behaviour which suggests the nanotube is metallic, as shown in Figure 6.45 (c)
With regard to the discussion in the previous sections, the dramatic decrease in 
the drain current is suggesting that the tungsten pad depositions with rectangle shapes 
caused severe damage to the carbon nanotube compared to the depositions o f line 
shapes. Due to the area scan with the e-beam, the area damaged by the e-beam 
irradiation increased, which resulted in the dramatic decrease o f the drain current. After 
several I-V measurements, the magnitude of the drain current recovered to the order of 
pA which is one order below the magnitude of the initial drain current measured before 
the W4 and W5 depositions. According to the fiat transfer characteristics, the increase of 
the drain current was induced by the conditioning. Although additional tungsten pad W5 
was deposited, no change in the drain current was observed as shown in Figure 6.45 (a). 
In addition, the drain and source current characteristics were not symmetric as shown in 
Figure 6.44 (d). They are indicating that the magnitude of the measured current is near 
the nominal range of the measurement system. However, according to the reference 
manual of Keithley 4200, the nominal range used in the measurement was 100 fA, 
which is two orders of magnitude below the oscillation amplitude o f the measured 
current. Therefore, the oscillation possibly originated from an intrinsic characteristic of 
the devices, although the range o f measured current is reaching the minimum
185
Fumitaka Ohashi 1-V characterisation o f  CNTs grown using TCVD
measureable current which is set by other factors o f the system, such as vibration o f the 
nano-manipulator o f the FIB or leakage current from the system. If we assume that the 
electrical characteristics originate from the intrinsic characteristics o f the device, 
another effect o f the tungsten deposition have to be addressed to explain the oscillation 
phenomenon.
Each o f the oscillations in Figure 6.45 (Q and Figure 6.45 (g) occurred with 
drain bias periods o f about 0.8 V and 3 V, respectively, and an amplitude of 10 pA. The 
measurements were carried out with drain bias steps o f 0.1 V and 1 V, respectively. 
Even if  the drain bias increased, the amplitude o f oscillation was still 10 pA. Therefore, 
we can discard the oscillations having been caused by a noise coming from extrinsic 
factors such as noise from the voltage source.
The tungsten pad depositions possibly cause deformation or damaging o f the 
carbon nanotube by pressing or e-beam irradiation, respectively. Such change in the 
structure created blocking barriers in the carbon nanotubes, which can result in the 
injections o f the electrons one by one, appearing as the oscillation o f the I-V 
characteristics. Such oscillations are normally observed with low temperature 
measurements, although it appeared at room temperature in this experiment. This can be 
explained by the low value of the electric current, which resulted in the minimal Joule 
heating in the carbon nanotube. Such reduction of the thermal energy caused a decrease 
o f the diffusion current, and therefore, the oscillation appeared clearly even at room 
temperature. The additional tungsten deposition (W5) did not affect the conduction 
further, except to shift the steps 2ti out o f phase from the W4 deposition, o f the same 
thickness and width. This suggests that the step-like increase in the conductance 
originates from the step structure o f the DOS, and that the oscillation occurred due to a 
blocking barrier, however further investigation is necessary to correlate the phase shift 
observed between W4 and W5 depositions and their relationship with the shape and 
position o f the deposition.
6.3.3 I-V characteristics measured in air and in vacuum
Electronic characteristics o f CNTs are very sensitive to the environment the
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measurements are conducted in because of their large surface area [8,9]. To study the 
CNT-FETs for applications as gas sensors, the devices were exposed to air atmosphere. 
The device was firstly attached on the nano-manipulation system to do the tungsten pad 
depositions to obtain better contact and to measure the I-V characteristics before 
exposing to air. After the characterisation and stabilisation finished, the FIB chamber 
was vented to introduce air into the chamber. However, initial venting o f the FIB is 
conducted by nitrogen gas until the chamber obtains the pressure of the atmosphere. To 
expose the CNT-FETs to air, the FIB chamber has to be opened. When the chamber was 
not at high vacuum, such more than 10'"^  mbar, movement of the nano-manipulation 
system such as piezo electric elements are locked due to a safety protocol.
Figure 6.46 shows drain current characteristics as a function of time during the 
venting, chamber opening, and pumping process carried out by FIB. 5 mV and 0 V 
drain and gate bias were applied during the measurements. As shown in Figure 6.46 (a), 
the current gradually increased when venting was carried out (i.e. pressure increased 
due to the introduction o f N] gas). When the FIB chamber was opened to air, the current 
increased further. The gradient change when opening the chamber shows the device si 
sensitive to oxygen and/or water vapour. According to Collins et al., the nanotube is 
very sensitive to oxygen but not sensitive to N2 [8]. When the chamber was closed again 
and pumped to high vacuum, the current slightly decreased. After the chamber got to 
high vacuum, I-V measurements once more took place as shown in Figure 6.46 (b). The 
output characteristics before the exposing experiment are shown in the Figure 6.37 (a). 
The output characteristics show a metallic behaviour, and no significant conditioning 
observed. After the measurement, a 2"  ^ exposure was again carried out as shown in 
Figure 6.46 (c). Similar behaviour to the measurement was observed, although the 
current increased further, which suggests that each subsequent air exposure modifies the 
surface o f the CNT irreversibly in normal circumstances. (Annealing may reverse the 
process by evaporating the adsorbate molecules).
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Figure 6.46: Drain current characteristics as a function o f time while = 5 mV and Vq = 0 V with 
venting, opening chamber and pumping process o f FIB. (a) F‘ measurement (b) output characteristics o f  
the device measured in vacuum after the F ‘ exposure, and (c) second measurement. The measurement was 
carried out by the device shown in the Figure 6.36. By exposing to air the drain current increased 
gradually/ and the magnitude o f  current was kept high even when the device was put back into vacuum 
again and I-V measurements were carried out. After the output characteristic measurements, another 
exposure experiment was carried out and a similar behaviour observed as the F ‘ measurement.
There are two possible reasons which induced the increase of the drain current 
by the exposure of the device to air. One is the doping of the carbon nanotube by 
oxygen or water vapour which is known to change the conduction of carbon nanotubes. 
The oxygen is known as a gas with p-type electronic characteristics in carbon nanotube. 
Collins et al. reported that the characteristics were changed from semiconducting to 
metallic by the exposing of carbon nanotubes to oxygen atmospheres. The oxygen 
works as a hole dopant to carbon nanotubes. In addition, bipolar characteristics of 
CNT-FET were shown when deoxidising of carbon nanotubes. According to Collins et 
al., the deoxidising occurred when the carbon nanotubes were annealed at 110 to 150°C 
at high vacuum for a few hours. In this experiment, the CNT-FET was first measured 
under lO'"^  mbar until the 1-V characteristics are stabilised. During the measurement, the
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oxygen adsorbed on the surface of the carbon nanotubes was possibly removed by the 
heat generated during IV characterisation. The conditioning of the carbon nanotubes 
resulted in a change in the condition of the surface . When the output characteristics of 
the device were measured after the exposure to air, the current behaviour was very 
stable, and the magnitude of the current remained high. It is assumed that the oxygen 
was not removed by the I-V measurements because of the short measurement in vacuum. 
The I-V characteristics of Figure 6.46 during the exposure to air shows noisy behaviour 
compared to the current in vacuum. Reversing the process of conditioning the carbon 
nanotubes possibly occurred during this time.
Another possible reason for the increase in the current is the change o f work 
function of the electrode. The electrode metals also change their surface conditions by 
absorbing the air. The surfactant on metals changes their work function. When the 
earbon nanotube was semiconducting, it is natural to think that there are Schottky 
barriers at the contacts. By changing electrode metals which have different work 
functions, the heights of the barriers also change. This is one of the reasons that the 
CNT-FET has ambipolar characteristics when they are measured in vacuum or a specific 
atmosphere [28]. When the work function was close to the Fermi level o f the 
semiconducting carbon nanotubes, ambipolar characteristic of the CNT-FET was often 
observed.
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Figure 6.47: Drain current characteristics as a function o f  time. (L) The venting o f  FIB chamber was 
started at 22 seconds and the chamber was mechanically opened at 170 seconds. The current was 
decreased 3 orders during venting, but recovered almost to the same value when the chamber was opened. 
After opening chamber, the current gradually decreased as time passed. (R) Pumping o f  FIB system was 
started at 40 seconds. The pressure reached 8.65*10'^ mbar at 460 seconds. The current gradually 
increased after the pumping started.
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A  different characteristic was observed on the CNT-FET shown in Figure 6.43. 
The drain current decreased when the device was exposed to air. The device structure of 
the CNT-FET is slightly different from the one shown in Figure 6.46. As shown in the 
SEM image o f Figure 6.43, the top side o f carbon nanotubes is connected by the 
tungsten pads. The work function of gold, tungsten and carbon is about 5.1, 4.6, and 5.0 
eV [17]. Therefore, the majority o f carriers possibly changed from holes to electrons. 
When the carbon nanotubes were connected by tungsten, by absorbing oxygen in air, the 
height o f the Schottky barrier increases for holes and decreases for electrons while 
counter effects occur when the both end o f nanotubes were connected by gold, as 
described in Chapter 2.
6.3.4 Conclusions
CNT-FET structures were modified by exposing the device to an electron beam, 
W(CO)ô and air. In addition. Tungsten pads were deposited on the carbon nanotube in 
the middle o f electrode gap. The experiment revealed the tungsten depositions and 
e-beam exposure resulted in a decrease in the conductance o f the carbon nanotubes. 
However, when the deposition was carried out on carbon nanotubes which are sitting on 
Au electrodes, the conductance o f the carbon nanotubes increased. We concluded that 
the tungsten pad depositions are typically causing damage to the carbon nanotubes due 
to the radiation of the e-beam. However, when the deposition o f tungsten was carried 
out on the Au electrodes, the defects created by the e-beam assists the emission of 
carriers to the nanotubes. With a combination o f a mechanical effect from the 
mechanical pressure caused by the deposit on the carbon nanotubes, low contact 
resistances were obtained.
In addition, when the tungsten pads were deposited on a carbon nanotube 
which is in the middle o f electrode gap, weak oscillations were observed. The 
phenomena can be explained by the nucléation o f a barrier which resulted in the 
injection of electrons one by one.
By exposing the device to air, different current characteristics were observed. 
When carbon nanotubes were connected with the Au electrode, the current increased by 
exposing the device to air. However, when the carbon nanotube was connected by the
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tungsten pads, the current decreased when the device was exposed to air. The difference 
was possibly caused by the different work functions which change the geometry o f the 
Schottky barriers at the contacts resulting in a switch of majority o f carriers from holes 
to electrons.
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Chapter 7 Summary and future work
The aims o f this thesis were to grow carbon nanotubes by using Thermal 
Chemical Vapour Deposition (TCVD) and to investigate possible electrical and 
electronic applications based on the grown carbon nanotubes. As a part o f the study, a 
new TCVD was set up in 2005 and carbon nanotubes and amorphous carbon nanofibres 
were synthesised through optimisation. In addition, techniques such as ion beam milling, 
e-beam deposition and nano-manipulation using the Focused Ion Beam (FIB) 
microscope were fully utilised for the preparation o f carbon nanotube devices. As a 
result, electrical conduction mechanisms of the TCVD grown carbon nanotubes were 
discussed by using the devices.
7.1 CNT Growth
A thermal CVD system was set up and optimisation work was carried out to grow 
carbon nanotubes. In that system, methane, hydrogen and helium gases were introduced 
as a carbon precursor gas, a catalyst activation gas and a dilution gas, respectively.
During the initial period of the study, nickel films and several kinds o f interlayers 
were tested to obtain better yields and better crystallinity o f the grown materials. Using 
the substrates, growth as a function o f various deposition conditions, such as growth 
pressure and growth temperature, were conducted to obtain high quality carbon 
nanotubes. In addition, the CVD system was modified by attaching a metal pipe, called 
an extension nozzle, to change the gas injection point to near the substrates. 
Unfortunately, such variations o f growth conditions and instrument resulted in a high 
yield o f vertically-aligned amorphous carbon nanofibres. TEM analysis o f the fibres 
shows poor crystallinity. However, large particles were observed at the tip o f the fibres
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with formation o f few graphite layers at their surfaces, although the surface o f the 
carbon nanofibres showed no layered structure. The particles had a large diameter 
which is about twice as large compared to the diameter o f carbon fibres. We concluded 
bulk diffusion occurred during the formations o f the fibrous structures which possibly 
resulted in the poor crystallinity o f the carbon fibres.
As a next step to obtain carbon nanotubes, molybdenum/iron catalysts were 
employed. Using the catalysts, carbon nanotubes with relatively low density growth 
were initially observed. Such poor densities o f the carbon nanotubes caused difficulties 
in the study to carry out TEM observations or Raman analysis. However, by changing 
the hydrogen concentration at the initial period of growth time, the yields o f carbon 
nanotubes were dramatically improved. We found that hydrogen affected both 
positively and negatively the crystallinity o f the carbon fibres. As a positive effect on 
the growth, hydrogen can activate the catalyst during the pre-treatment and reaction 
time. In addition, the hydrogen prevents the decomposition o f methane gas which can 
reduce the excess deposition o f carbon materials on the surface o f the catalyst. As a 
possible negative effect, hydrogen can damage the crystalline structure o f carbon fibres 
by preventing the formation o f sp^ bonds and by the creation o f sp^ bonds. When one 
isolated carbon atom is created, four hydrogen atoms have to be removed. However, if 
the hydrogen concentration is high, the decomposition process of methane is denied by 
à rate increase of the reverse processes. In addition, the carbon atoms combined with 
hydrogen atoms were probably deposited on the catalyst and formed fibrous structures 
without releasing the hydrogen atoms. Such effects o f hydrogen concentrations were 
possibly observed due to the use o f the methane gas as a carbon precursor. The methane 
has a most stable molecular structure, a highest hydrogen atom ratio and no sp^ bond in 
the molecule. Such nature of the methane gas makes the effects o f hydrogen obvious 
especially at the temperature where methane and hydrogen gases start to decompose (i.e. 
thermal cracking). A careful balance o f the hydrogen concentration is necessary to 
obtain high quality carbon nanotubes. In addition to the hydrogen effects, according to 
the TEM observations, no catalyst particles were found at the tips o f the carbon 
nanotubes when they were well crystallised and had thin diameters. This suggests that 
base growth with a surface diffusion mechanism was the dominant growth mode.
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7.2 Electronic Devices
The carbon nanotubes grown with the optimised TCVD were used for the 
preparation of two and three terminal electrical devices. For the device production, ion 
milling, e-beam deposition and nano-manipulation using the FIB microscope were 
carried out. The techniques provided great flexibility in prototyping the device 
structures. For instance, the gap lengths between two electrodes were controlled in a 
range from a few hundred nano meters to several micrometers. Furthermore, the contact 
resistances were reduced by depositing tungsten pads, whilst the nano-manipulation 
system capability of the FIB enabled us to do in-situ I-V measurements and SEM 
imaging, as a function o f the device structure and the atmosphere.
The electrical measurements started with an optimisation of the device structures 
and o f the measurement system to obtain intrinsic characteristics of the carbon 
nanotubes. As electrode materials, sputter-deposited gold, palladium and chromium 
films were tested to obtain better electric current conduction with the carbon nanotubes; 
the gold films showed the highest currents and the most stable operation o f the devices. 
From the view point of the measurement atmosphere, when characterisation was carried 
out in air at first, the nanotubes were broken easily compared to when characterised in 
vacuum. The failings possibly occurred due to the burning of the carbon nanotubes with 
the oxygen in air and/or due to the Joule heating generated at the contacts and carbon 
nanotubes. Tungsten pads were deposited on top of the carbon nanotubes where they 
were sitting on the electrodes to obtain better contacts and increased current-carrying 
capacities. The tungsten pads seem to push the carbon nanotubes down onto the 
electrode metals, creating better coupling between the materials.
After the optimisation work, I-V characteristics were measured with three 
terminal structures to determine the conduction mechanisms o f carbon nanotubes. As a 
basic characterisation at first, I-V measurements were carried out with a gate bias to 
induce a field effect in the semiconducting carbon nanotubes. However, no 
semiconducting characteristics were obtained. The phenomena are suggesting that the 
nanotubes have metallic band structures. From the previous TEM measurements, most 
o f the nanotubes had multi-wall structures with a diameter about 1 0 - 2 0  nm. Therefore, 
it was difficult to obtain the semiconducting behaviour.
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For further investigations o f the conduction mechanisms o f the carbon nanotubes, 
the measurements with a variation o f the gate length were carried out. Depending on the 
gate length, the exponents o f power laws used to fit the I-V characteristics changed. 
When the I-V characteristics were measured with more than 1 pm gate length, the 
power law exponent ranged from I to 1.5 and the conductance was well below the value 
o f the quantum conductance (2e^/h). Characteristics were suggesting that the carriers 
behaved as if  the device had Ohmic like contacts and the conduction was through 
diffusion processes. To modify the gate length with one device, tungsten pads were 
deposited to shorten the gate length in about 100 nm steps. As the gate length became 
shorter, the exponent of the power law increased, and the value moved up to about 2.5 
when the gate length was 240 nm. At these conditions, the conductance reached values 
about 12 times larger than the quantum conductance. We concluded that the change in 
the power law exponent is induced by the defective structure o f the carbon nanotubes. 
Due to localisation and multi channel conduction, the conductance exceeded the 
quantum conductance. The values o f the power law exponent increased when the gate 
length was less than about 500 nm. As the gate length decreased, defects play an 
increasing role in the conductance and contributing conduction channels were also 
increased via the sub-bands and the inner-tubes.
When the e-beam deposition was carried out, secondary electrons resulted in the 
spreading of deposited materials not only at the set deposition position but also to the 
surrounding area. Such unwanted deposition also possibly resulted in the increase o f the 
conductance. When the I-V measurements were carried out with 240 nm gate length, the 
deformation of the tungsten pads occurred especially at the edges o f tungsten electrodes 
where the nanotube bridges the gap. Although such structural changes occurred, the 
conduction behaviour did not change before and after the measurements. This is 
suggesting that the dominant electrical current conduction occurred through the carbon 
nanotubes to the electrodes and that the tungsten pads contributed indirectly to the 
contact between the Au electrode and the CNT via mechanical pressure and/or by 
damage-induced irradiation. To reveal the contact mechanism, e-beam irradiation, 
W ( C O ) ô  exposure and tungsten deposition were carried out in the middle of two gold 
electrodes. The e-beam irradiations resulted in the decrease o f the electrical current 
especially when they were carried out over a large area. The W ( C 0 ) 6  exposure showed
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no influence on the conduction o f carbon nanotubes. The tungsten depositions in the 
middle o f the electrode gap, where carbon nanotubes were bridging electrodes, resulted 
in the sudden decrease o f current through the carbon nanotubes. It suggests that the e- 
beam irradiation causes damage and creation of defects on the carbon nanotubes. The 
defects possibly generate energy levels in the middle o f energy gap which increase the 
tunnelling currents into the carbon nanotubes. As a consequence, with a combination of 
pushing down effects, the tungsten pads can reduce the contact resistances. When the 
tungsten pads were deposited on carbon nanotubes to shorten the gate length, an 
enlargement o f the contact area resulted in the further decrease o f the contact resistances. 
However, due to the relatively high electric field at the end o f electrodes where carbon 
nanotubes were touching, strong heat was generated with a large current, and therefore, 
the deformation of tungsten pads occurred.
In addition, during the measurement o f the carbon nanotubes with the tungsten 
deposition at the middle of the electrode gap, very weak oscillations were observed in 
their I-V characteristics. The phenomenon is associated with the formation o f barriers in 
carbon nanotubes by the tungsten pad depositions. We concluded that the oscillations 
occurred due to the formation o f a barrier in the carbon nanotubes. However, additional 
tungsten pad deposition resulted in a phase change of the oscillations while the 
magnitude of drain current did not change. Further experiment is necessary to 
understand the phenomena.
7.3 Future work
In this study, most o f the research carried out was for optimisation of the carbon 
nanotube growth and device fabrication. In addition, the FIB techniques were mostly 
used for device fabrication which were employed to measure and understand better the 
conduction mechanism o f electric current flowing through the CVD grown carbon 
nanotubes. From the view point o f commercialising applications, carbon nanotube 
grown directly on the substrates is desired. The furnace used in this study has a 3 inch 
quartz tube which is relatively large in diameter compared to the furnaces o f other 
research groups ( 1 - 2  inch). Such a large chamber has great flexibility to adapt. For 
example, the flange has four feedthroughs which can be used to apply an electric field to
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the substrates during carbon nanotube growth. Due to the large diameter, the substrates 
can be introduced together with an additional apparatus which has electrodes and leads. 
The electric field is known as one o f the methods to control the growth direction. With 
the combination of the FIB techniques, the orientation and patterning o f the carbon 
nanotubes is achievable on nano-meter scales. Therefore, there are many opportunities 
to develop carbon nanotube applications. However, some o f the optimisation and the 
characterisation work are still not enough to move nanotubes on to commercial 
applications. The following are examples of the work that should be conducted as a 
basic research form to increase our understanding o f carbon nanotube science.
• Further optimisation for carbon nanotube growth for higher yields and 
better quality (use the extension nozzle with Mo/Fe catalysts).
• Optimisation work for selective growth o f single wall carbon nanotubes
and multi wall carbon nanotubes.
• Lowering o f growth temperatures to avoid damage to the electrodes and 
insulators
• Electric characterisation of amorphous carbon nanofibres
• Further investigation o f the electric conduction mechanisms of carbon
nanotubes grown with varied device structures.
In addition to the fundamental research points of view, the following are desired for the 
fabrication of devices as applications.
• Carbon nanotube growth on electrodes.
• Control o f growth orientations using electric fields
• Utilisation o f FIB techniques for modifications o f catalyst and electrode 
film structures for the orientations
• Utilisation of FIB techniques to investigate the possibilities to other 
applications such as actuators and nano electromechanical systems 
(NEMS).
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